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ABSTRACT
Addition o f an inexpensive calcium-based CO2 acceptor (dolomite) to a 
commercial reforming catalyst resulted in the production of 95+% H2  from CH4  
using sorption-enhanced reaction (SER). The combined reforming, shift, and CO2 
separation reactions were sufficiently fast that combined reaction equilibrium was 
closely approached at 15 atm and 650°C. Process simulations showed that in 
addition to requiring fewer processing steps, SER permits lower reformer 
temperature, eliminates the need for shift catalysts, and provides a potential energy 
savings o f 20-25% compared to conventional steam-methane reforming (SMR). An 
off-gas o f pure, sequestration-ready CO2 for greenhouse gas emission control is 
possible using SER
In a commercial process the acceptor must retain activity through many 
reaction-regeneration cycles. Multicycle durability tests of the CO2 acceptor and 
reforming catalyst consisting of as many as twenty-five cycles in a fixed-bed reactor 
and 150 cycles in an electrobalance reactor were performed. These tests examined 
the effects o f sorbent regeneration temperature and gas composition with the sorbent 
both mixed with and separated from the reforming catalyst prior to regeneration. In 
a typical twenty-five-cycle test, there was no decrease in maximum H2 
concentration, but a gradual decrease in global reaction rate and fractional 
carbonation of the sorbent were observed. This gradual decrease in performance is 
explained on the basis o f changes in structural properties o f the catalyst and 
acceptor.
xi
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CHAPTER 1 
INTRODUCTION
1.1 Importance of Hydrogen Production
Hydrogen (H2) is currently an important raw material for the chemical and 
petroleum industries and has an important future as a non-polluting fuel (Scott, 
1985). As a fuel, hydrogen can be used for residential heating, electric power 
generation, industrial heating, and for transportation. Buses using fuel cells powered 
by H2 have been developed in Canada and are ready for use (Moijaes et al., 1997). 
Major uses o f H2  in the chemical and petroleum industries are in the manufacture of 
ammonia, methanol and in a large range of hydrotreating processes involved in the 
refining of crude oil. Food and metal process industries use H2  on a smaller scale. A 
growing demand for H2 is forecast, particularly in petroleum refining. Traditionally, 
60% o f the H2  used in petroleum refining has been supplied by H2  recovery from 
off-gases from other refinery processes, primarily reforming (Abrado and Khurana, 
1995). However, the increasing use of hydroprocessing to convert heavy, high- 
sulfur crudes to clean-burning transportation fuels coupled with a decrease in the 
use o f catalytic reforming will necessitate an increase in “on-purpose” hydrogen 
production.
1.2 Hydrogen Production
Many technologies exist to produce hydrogen. According to Heydom et al. 
(1998) the most important is the steam reforming of light hydrocarbons. Catalytic 
reforming is a process that works only with light hydrocarbons that can be 
vaporized completely without carbon formation. The feedstock used ranges from 
methane to naphtha to No. 2 fuel oil (Minet and Desai, 1983). 50% o f the total H2
1
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produced comes from steam when methane (CH4) is used and 64.5 % when naphtha 
is used. This steam-methane reforming process (SMR) is most commonly u sed  for 
hydrogen production and will be described folly in a separate section.
SMR is and has been the most economical process for H2 production 
because it has the highest thermal efficiency, lowest capital investment, and a 
modest by-product credit (Van Hook (1980), Rostrup-Nielsen (1984), Steinbesrg and 
Cheng (1989) and Terrible et al. (1999)). Other hydrogen processes, includi ng the 
partial oxidation of residual oil (POX), coal gasification (CG), steam iron p»rocess 
(SIP) and water electrolysis are from about 1.5 to 3 times more expensive. SMER is a 
relatively simple, efficient, well-proven technology, it provides a cost-eflfective 
product and offers significant flexibility in operating with different hydrocarbon 
feedstocks (Steinberg (1985), Steinberg and Cheng (1989) and Heydom et al.
(1998). Finally, Kwon (1999) projects that SMR will dominate in the production o f 
hydrogen for at least three decades, will be important for more than 50 yeairs, and 
will set the reference price for hydrogen in the future.
1.3 The SMR Process
The SMR process presented here is based on the descriptions a n d  data 
contained in reports by Rase (1977), Cox and Williamson (1979), Kent (1983)*, Gary 
and Handwerk (1994), Kirk-Othmer (1999), and Terrible et al. (1999). Am. flow 
diagram o f  this process for hydrogen production is presented in Figure 1.1. Thie first 
step is reforming, where natural gas feed (previously desulphurized) is m ixed with 
superheated steam in a reformer fomace. This reformer is a direct-fired cham ber
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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containing multiple high alloy tubes packed with a nickel-based catalyst where the 
following endothermic reactions occur:
CH4 + 2 H 20<--- >C02 + 4H 2 (1)
CHa + H 20  <---> CO + 3 H 2 (2)
In Figure 1.1 the furnace and the reformer are one unit and additional fuel is burned 
to provide the heat needed for the endothermic reactions (1) and (2) to occur. Raw 
synthesis gas exits from the reformer at 870-885 °C and 15-24 atm. The high 
temperature product is used to preheat the natural gas feed and to superheat steam. 
Up to 95% conversion o f CH4 is typically achieved at steam to methane ratios in the 
range o f 3.5-4.5. The gas leaving the reformer is about 76% H2 , 1 2 % CO, 1 0 % CO2 , 
and 1.3% CH4 (dry basis) (Kirk-Othmer, 1999). Heat for the endothermic reforming 
reaction is supplied by combusting natural gas fuel in a feed to fuel ratio of 1.27-2 
(Baade et al., 1993).
In the next step, the CO is converted to CO2 and H2 by the high-temperature, 
exothermic, water-gas shift reaction (HTS):
CO + H 20 --------- >C02 + H 2 (3)
This reaction is conducted on a chromium iron oxide catalyst at 340-455 °C in a 
fixed bed adiabatic reactor. Approximately 94% of the CO in the raw gas is reacted 
(Kirk-Othmer, 1999). Converted gases are cooled outside o f the reactor by 
producing steam and sent to a second low-temperature shift converter (LTS) at 
about 200-215 °C to complete the shift reaction over a copper-zinc catalyst
4
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supported on alumina. The exit gas typically contains about 87.3% H2 , 10.7% CO2, 
0.70% CO and 1.3% CH4  (dry basis).
The primary diluent in this product gas is CO2 , which in Figure 1.1 is 
removed in a scrubbing process unit using an appropriate amine solution. Hydrogen- 
rich gas product exits from the top o f the scrubber while the aqueous amine solution 
from the bottom is sent to the stripper where the CO2 is removed by steam stripping 
at about 100-140 °C. Regenerated amine solution is continually recycled between 
the scrubber and stripper. Stripped CO2 is discharged from the top o f the regenerator 
(off-gas). The product gas leaving the scrubber contains about 98.2% H2 , 0.01% 
CO2 , 0.3% CO and 1.5% CH4 (dry basis) (Kirk-Othmer, 1999). I f  desired the 
remaining carbon oxides may be converted to methane by passing the gases 
preheated to 315 °C over a nickel catalyst supported on silica (not shown on Figure 
1.1). Outlet gases are cooled to 25 °C, water is removed and the final H2  product 
concentration is typically about 98.2% H2  and 1.8% CH4  with only ppm quantities 
o f CO and CO2 .
An alternate process based on pressure swing adsorption (PSA) for CO2 
removal is also available. The PSA process reduces the number of unit processes 
and complexity o f  the operation by replacing the low temperature shift, C 02 
scrubber and regenerator, and methanation steps. The process consists o f  a series of 
beds filled with molecular sieves or activated carbon where all components except 
H2 are preferentially adsorbed. The purity o f the H2 from a PSA is typically greater 
than 99%. Regeneration is accomplished by depressurization of the adsorbent bed 
followed by a purge of H2 obtained from one of the adsorbent beds undergoing
5
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depressurization. Approximately 20% of the H2  product gas is lost in the purge-gas 
stream as a result o f the countercurrent depressurization and the purging of 
impurities from the adsorbent (Kirk-Othmer, 1999). This purge-gas containing H 2 
along with other desorbed impurities, such as CH* and CO, is used as fuel in the 
reformer burners, thereby reducing the external fuel requirement. To make up for 
the H2  discharged to the purge stream, more H 2 must be produced in the reformer, 
which increases the feed requirement and the size o f  the reformer furnace. 
Offsetting this disadvantage is efficient heat recovery. The net effect is that the 
overall H2 production cost is frequently less than for a SMR plant using amine 
scrubbing. However, when high H2 production capacity is needed the PSA process 
generally requires parallel trains, which makes the process more expensive 
(Steinberg and Cheng, 1989).
Membranes have also been proposed for H2 separation. Thomas and Graham 
in 1866 first observed the selective permeation of H 2  through palladium metal and 
alloys (Champagine et al., 1990). Many attempts to  use this permeation concept in 
reactor technology have emerged through the years. Nagamoto and Inoue (1985) 
and Itoh (1987) proposed the promotion o f the dehydrogenation reaction o f 
cyclohexane to benzene beyond thermodynamic equilibrium by removing hydrogen 
product through a palladium membrane tube. A reaction conversion of 99.7% was 
reported compared to 18.7% using an ordinary catalytic reactor. However, 
palladium membranes suffer from sintering, imbrittlement, fatigue, and are quite 
expensive (Tsotsis et al., 1989). Other membrane materials have been studied to 
avoid the disadvantages o f  the palladium.
6
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Different types o f ceramic membranes have also been studied as Efe 
permeators. Bitter (1988) utilized a sol-gel alumina membrane in a ceramic tubular 
reactor for propane dehydrogenation. Also Minet et al. (1989) used a sol-gel 
ceramic membrane for the dehydrogenation o f ethane. Tsotsis et al. (1989) reported 
the use o f  flat anodic alumina membrane reactor. Zasplois et al. (1989) reported on 
the use o f  sol-gel alumina and titania membranes for dehydrogenation o f methanol, 
and Moser et al. (1989) studied their use for the dehydrogenation o f  ethylbenzene to 
styrene. Champagnie et al. (1990) used a Pt-impregnated alumina ceramic 
membrane tube in a shell and tube configuration for the dehydrogenation o f ethane 
and obtained conversions up to six times higher than the equilibrium conversion. 
More recently Adris et al. (1997) proposed a fluidized bed reactor for steam 
reforming o f methane using palladium membranes tubes immersed in the bed. The 
pilot scale reforming plant and was able to operate up to 750 °C and 1.5 MPa with a 
hydrogen capacity o f  6 m3 (STP) /h.
Although many studies have shown the potential advantages o f the proposed 
membrane designs, a number o f technical problems must be solved prior to practical 
implementation. Among these are better mechanical properties o f  membrane tubes, 
reduction o f the effect of fouling on the rate of permeation through membrane tubes, 
irreversible damage of the membrane through feed impurities (Gaines and Wolky, 
1984) and improved performance o f  the heated membrane pipes under fluidization 
conditions (Adris et al., 1997).
7
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1.4 Attempts to Improve SMR Performance
Three lines o f  research have emerged in attempts to improve the SMR 
performance. One is to improve the catalyst to provide higher mechanical strength, 
better resistance to carbon formation and sulfur poisoning, and better catalyst 
effectiveness by improving the pellet shape (Bruno et al., 1988). The second is to 
improve the properties of the reactor tube material in order to be able to withstand 
higher stresses at elevated temperatures and high thermal flux (McCallister, 1982). 
A third research line emerged around 1970, which addresses the reforming reactor 
configuration (Adris et al., 1996). From this last research line, three major areas 
have emerged: (1) changing from fixed-bed to fluidized-bed reactors; (2) using 
membrane technology to drive the reaction beyond equilibrium by selective 
separation o f H2  at reaction conditions; and, (3) driving the equilibrium o f the 
reforming reaction towards hydrogen production by using a solid CO2  acceptor.
Guerreri (1970) received a patent for the use o f a fluidized-bed SMR reactor. 
The work concentrated on making use of the fluid-like nature of a catalyst and a 
solid-inert mixture wherein the inert supplied energy to the reforming reaction. 
Adris et al. (1996) showed the feasibility o f carrying out the SMR in a fluidized-bed 
system.
Nazarkina and Kirichenkom (1979) used membranes in a fixed-bed 
configuration to overcome the equilibrium limits o f the reforming reaction. This was 
achieved by continuous permeation o f H2 through the membrane, which drove the 
equilibrium o f the reforming reaction towards increased CH4  conversion. The 
reaction temperature was 700 °C and very pure H2  was obtained. Weirch et al.
8
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(1987) used the same principle, but proposed different membrane configurations 
that ranged from corrugated to pleated shapes to increase the performance o f the 
membranes. Adris et al. (1994) received a patent for a process combining heating 
pipes within the fluidized bed. The third research area, which deals with the use o f a 
solid CO2 acceptor, is described in the following section.
1.5 Hydrogen Production Using a Solid CO2 Acceptor (Alternate Process)
A flowsheet o f  an alternate process for the production of hydrogen by 
catalytic SMR using a  solid CO2  acceptor is presented in Figure 1.2. Reforming is 
accomplished in a catalytic fluidized-bed reactor also containing a calcium-based 
C 02 acceptor. In this process, reforming and shift reactions (reactions (1), (2), and
(3)) as well as the carbon dioxide removal reaction
CaO + COz  >CaC03 (4)
occur simultaneously. Methane and steam are fed to the fluidized-bed primary 
reactor, which contains both a reforming catalyst and a CaO-based acceptor for CO2 
removal. At 923 K (650 °C), 15 atm, and a steam-to-methane ratio (S/C) of 4, 
approximately 88% conversion of CH4 is thermodynamically possible so that a 
product gas containing greater than 95% mol H2 (dry basis) may be produced in a 
single step. The combined chemical reactions are approximately thermally neutral. 
The heat released by the exothermic shift and carbonation reactions is almost equal 
to the energy required for the endothermic reforming reaction. The product gas from 
the combined reforming-shift-carbonation reactions may require additional 
processing to increase the purity of the product H2 or to reduce the carbon oxide
9
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Figure 1.2. Alternate Process for the Steam Reforming of Methane
concentration to ppm levels as in the conventional process. These additional 
processing units would be a PSA unit for high purity Efo or a methanation reactor to 
reduce the carbon oxide concentrations.
For steady state operation the CaCCb must be continuously regenerated. 
Regeneration is accomplished by reversing reaction (4) with the energy supplied by 
burning fuel in a separate fluidized bed (regenerator). Steady state operation is 
achieved by continuous transport of acceptor between the primary reactor and the 
regenerator. The regenerator vessel is analogous to the CO2 stripper used in the 
conventional process (Figure 1.1). The main expenditure of energy for the alternate 
process is that required for the regeneration o f the solid CO2 acceptor. However, 
less energy is needed for acceptor regeneration than is required for the reformer in 
the conventional process. A more detailed description and analysis o f the alternate 
process will be presented in the process simulation chapter of this dissertation.
Potential advantages over the conventional SMR process include process 
simplification, reduced supplemental energy requirements, and elimination o f  the 
shift catalyst. In addition, the use of smaller catalyst particles in the fluidized-bed 
would result in an increase o f the catalyst effectiveness factor. Reactor temperature 
control, hot spotting, and carbon deposition problems should also be eased.
Solid CO2  acceptors have been used in coal gasification processes for H2 
production. Gorin (1980) has a patent for the production of H2 using coal 
gasification in which a synthetic acceptor (3CaO(SiC>2)x (Al2 0 3 )i-X) was used to 
remove CO2 in the process. The acceptor was regenerated and recycled back to the 
fluidized bed. Mitchell (1980) used dolomite as CO2 acceptor in a fluidized bed for
11
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H2 production using coal gasification. He also tried CaO on (X-AI2O3 or MgO. These 
CO2 solid acceptors showed good attrition resistance.
Calcined dolomite (CaO-MgO) was also used as a regenerative C 02 acceptor 
from flue gases by Heesnik et al. (1996). Lancet and Curran (1980) proposed a 
different synthetic acceptor, (Caj(Si0 4 )2) and claimed that after 65 reaction- 
regeneration cycles no loss of activity in the acceptor was detected.
The use of a solid CO2 acceptor for H2 production using SMR was first 
described by Williams (1933) in a patent for a process in which methane and steam 
reacted in the presence of a mixture o f lime and reforming catalyst to produce H2. 
Gorin and Retallick (1963) received a patent for a continuous process involving a 
fluidized-bed reactor containing both catalyst and a carbon dioxide acceptor.
Brun-Tsekhovoi et al. (1988) studied a process for catalytic SMR in the 
presence of a CO2 solid acceptor. Reforming was accomplished in a fluidized bed 
containing a mixture of catalyst and a calcium oxide-based CO2 acceptor. The 
investigators claimed that the solid CO2 acceptor (dolomite) could be separated 
from the catalyst by means of different settling velocities inside the fluidized-bed 
reactor. The spent solid acceptor was sent to a second fluidized-bed reactor where 
CaO was regenerated using heat provided by burning methane fuel and then 
recycled to the reformer reactor. Brun-Tsekhovoi et al. (1988) claimed a 20% 
reduction in fUel consumption and suggested that the process could avoid the use of 
expensive alloy tubes in the conventional SMR.
Kumar et al. (1997) described a novel SMR process called unmixed 
reforming for small-scale generation o f hydrogen. This application was intended for
12
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the electric power generation in buildings and automobiles using fuel cells. The 
unmixed reforming process used diesel fuel or natural gas as a feed and used a 
packed bed reactor filled with a mixture o f  a reforming catalyst and a CO2  solid 
acceptor (CaO). The calcium oxide was converted to CaC0 3  as it captured the CO2  
produced by the reforming reaction. A  stream o f air regenerated CaCOs in the bed, 
with the energy supplied by the oxidation o f  Ni in the reforming catalyst to NiO. 
Finally, methane was used to reduce NiO back to Ni and the bed was ready for 
another reaction-regeneration cycle. The average purity of hydrogen in the product 
gas was around 70%, with the balance being CH4, CO and CO2 . Pressure during the 
reforming step was 2-7 bars and during regeneration was reduced to 1-2 bars.
In a recent paper, Balasubramanian et al. (1999) studied the combined 
reforming, water-gas shift, and carbonation reactions as a function o f temperature, 
steam-to-methane ratio, feed gas flow rate and methane content in the feed gas. 
They used a solid mixture of calcined reagent grade CaC0 3  and a commercial 
reforming Ni-catalyst in a laboratory-scale fixed-bed reactor. Equilibrium for the 
combined reactions was closely approached at 15 atm over a temperature range o f 
450-750 °C at space velocities as large as 104 cm3(STP)/hr per g o f catalyst. The Efe 
content o f the product gas was relatively independent o f temperature over a range o f 
550-750 °C with the primary impurity at lower temperatures being CH4. Higher 
temperatures resulted in increased CH4 conversion but decreased carbon oxide 
removal leaving CO and CO2 as the primary impurities.
Key unanswered questions regarding the single-step process include the 
following. Can an inexpensive calcium based sorbent be substituted for the reagent-
13
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grade CaCC>3 used by Balasubramanian et al. (1999)? Is it necessary to separate the 
catalyst from the spent acceptor prior to acceptor regeneration? Are the catalyst and 
acceptor sufficiently durable at reaction and regeneration conditions for the process 
to be economically attractive?
1.5.1 Choice o f the CO2 Acceptor
In the alternate process the solid CO2 acceptor must be durable and 
inexpensive compared to the reagent-grade CaCC>3 used by Balasubramanian et al.
(1999). Many investigators have proposed economical sorbents to be used in the 
carbonation reaction (4). Barker (1973) and Silaban (1993) studied carbonation 
reaction using calcined limestone as an economical sorbent in a multicycle 
operation. Silaban et al. (1992) proposed hydrated calcium acetate in their studies of 
the removal o f CO2  from gas streams at high temperature and Han et al. (1997) used 
dolomite as a CO2  acceptor for their multicycle studies o f the water-gas shift 
reaction. Among these sorbents the most economical is dolomite (»0.50/lb. Unimin., 
2000), followed by limestone (2.850/lb, Chemical Marketing Reporter., 2000) and 
calcium acetate (1040/lb Chemical Marketing Reporter., 2000).
Past studies have shown that CaCC>3 cannot be completely carbonated and 
also that it loses activity as the number o f carbonation-calcination cycles increases 
(Barker 1973, 1974). Incomplete carbonation was attributed to the elimination of 
pore structure as the oxide was converted to carbonate. DeLucia (1985) studied the 
multicycle behavior o f  reaction (4) using limestone and reported a 10-25% decrease 
in reactivity per cycle. This decrease was due to sintering which causes a gradual 
shrinkage and densification o f the porous particle. Barker (1973) examined the
14
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reversibility o f  the carbonation reaction using a thermogravimetric analyzer. 
Multiple cycle runs (up to 40) were conducted using limestone as the sorbent. 
Progressively lower carbonation conversions were reported as the cycle number 
increased. This behavior was attributed to the essentially non-porous structure of 
limestone (Barker, 1973).
Silaban et al. (1992) investigated high-temperature, high-pressure separation 
of CO2  from coal gas streams based upon the non-catalytic gas solid reaction (4) to 
compare the performance of calcium acetate and dolomite (CaCCb^MgCCh) as 
precursors o f CaO. Both of these sorbents were superior to limestone with decreases 
in CO2 capacity after 5 cycles o f  less than 5%. The improved multicycle durability 
of dolomite appeared to be associated with the presence o f MgO. Initial calcination 
of MgC0 3  creates excess pore volume, which allows the carbonation o f CaO to 
approach equilibrium, and the presence o f MgO is thought to retard sintering.
Therefore, dolomite was chosen as the sorbent precursor in the present 
study. A potential problem associated with the use o f inexpensive minerals such as 
dolomite in the alternate process is caused by the presence of small amounts of 
sulfur in the dolomite, which may poison the reforming catalyst (less than 0 .2 ppm, 
Rostrup Nielsen., 1984). A more detailed description of the acceptor durability 
studies and catalyst sulfur poisoning is presented in the next chapter of his 
dissertation.
1.5.2 Providing Heat to the Regenerator
Another question in the alternate process is how the required heat for 
regeneration is going to be supplied. One choice is the indirect heating o f an inert
15
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gas. The preheated gas or gases will provide enough heat for the reverse o f reaction
(4) to occur and serve as a carrier to remove CO2  from the sorbent. Gases such as 
nitrogen and steam may be used. Steam has the advantage that it may be condensed 
so that the ofF-gas is pure CO2 . hi contrast, separation o f  nitrogen from C 0 2  to 
produce pure CO2  would be difficult and expensive. Another possible gas that can 
be used is C 0 2  itself. This method will also produce pure C 0 2  suitable for sale or 
sequestration. A portion o f the C 0 2 produced would be recycled to the reactor to 
serve as the fluidizing medium. The recycled C 0 2  would be indirectly heated to the 
required temperature to avoid dilution with combustion air. More details o f these 
alternatives are presented in the thermodynamic analysis and experimental sections 
of this dissertation.
Another possibility for providing heat for acceptor regeneration is the direct 
heating by combination o f a fuel-air mixture inside the regenerator. The combustion 
would also serve as the carrier gas to remove the CO2  from the regenerator. I f  the 
catalyst were transferred to the regenerator along with the spent solid acceptor, 
additional energy would be supplied by oxidation o f  the Ni to NiO. The NiO would 
then be reduced to Ni in the reforming reactor. The effect o f many Ni-NiO cycles on 
catalyst activity is unknown although such cycling is proposed by Kumar et al. 
(1997) in their unmixed reforming process. It would not be possible to produce pure 
C 0 2 using this approach.
Regeneration temperatures for the direct and indirect heating schemes are 
governed by the thermodynamics o f the regeneration system. A temperature range 
from 800 °C at 1 atm to 950 °C at 15 atm is required when a C 0 2-free fluidizing gas
16
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is used. In the case o f CO2  being used for regeneration the range is increased from 
about 900 °C at 1 atm to 1150 °C at 15 atm. More details o f  the thermodynamics o f 
regeneration are discussed in the following chapters o f this dissertation.
1.5.3 The Reforming Catalyst in the Alternate Process
There are two possible regeneration schemes relating to catalyst and 
acceptor contact. In the first and simpler case, both solids would circulate together 
between the dual fluidized-bed reactors and the catalyst would also be exposed to 
the regeneration conditions. If  the direct heating by burning fuel with excess air is 
used the nickel catalyst will be reoxidized before being sent back to the reformer for 
another reaction-regeneration cycle. If both catalyst and spent sorbent are 
transferred to the regenerator using indirect heating with an inert such as N2  the 
regeneration temperature would be slightly lower and the nickel would remain in the 
reduced state. In the case of indirect heating there is the possibility o f nickel 
reoxidation with the use steam and C 02.
To avoid exposing the reforming catalyst to the regeneration temperatures 
and atmospheres the acceptor and catalyst would be separated in the fluidized-bed 
reactor. The catalyst would remain in the reactor and only the acceptor would 
circulate between the reactor and the regenerator. Kothomlyanski et al. (1970) and 
Grigor’ev et al. (1979) have proposed separation methods based on particle size and 
density differences of the catalyst and acceptor. The catalyst would only be exposed 
to the constant temperature and atmosphere o f the reforming reactor.
17
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1.6 Research Objective
The primary objectives o f this research were to prove the chemistry of the 
alternate process using an inexpensive dolomite as the CO2 acceptor precursor, and 
to provide sufficient information to permit a more detailed evaluation o f the 
alternate process. This research involved a detailed thermodynamic analysis of the 
reaction system, process simulation including detailed material and energy balances, 
and experimental evaluation of the conventional reforming catalyst and inexpensive 
solid CO2  acceptor (dolomite) in a reaction-regeneration multicycle scheme. The 
multicycle experimental work was designed to provide information on the durability 
o f the catalyst and solid acceptor, to determine if  separation o f catalyst and acceptor 
prior to acceptor regeneration was required, and to provide first data relating to the 
production o f pure CO2  off-gas during regeneration. This experimental work 
defined proper operating conditions for follow-on effort at a larger scale using 
fluidized-bed and/or transport reactors.
18
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CHAPTER 2
CATALYST AND ACCEPTOR STRUCTURAL CHANGES:
A LITERATURE REVIEW
In the alternate process, the solid acceptor must retain activity through many 
carbonation-calcination cycles. In each cycle the acceptor is exposed to variations in 
temperature, pressure, gas composition and/or time that may cause structural 
changes within the solid. Two mechanisms are responsible for these structural 
changes. One is the chemical reaction itself in which the solid reactant is converted 
to the solid product. The other is due to high temperature sintering. Sintering is the 
phenomenon in which fine particles in contact with each other agglomerate when 
heated at high temperatures causing loss in surface area and other structural 
changes. According to the rule of Tammann, sintering is expected above 0.5 times 
the absolute melting temperature o f the solid (Rostrup-Nielsen (1984)). These 
structural changes within the solid acceptor eventually will affect its performance as 
the number of calcination-carbonation cycles increase.
Also in the alternate process, unless it is separated from the solid acceptor 
prior to calcination, the catalyst is exposed to the temperature and gas composition 
of the calcination-carbonation cycles. This is in contrast to the steady state operating 
conditions used in conventional reformers. Structural changes within the catalyst 
caused by factors such as agglomeration o f nickel crystals (surface area reduction), 
interactions with the solid acceptor (dolomite), interactions with the support and 
carbon and sulfur poisoning may lead to deactivation.
Nickel metal may agglomerate if exposed to high temperatures associated 
with acceptor calcination, leading to loss o f surface area and consequently to
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deactivation- Calcium and magnesium compounds present in the dolomite and even 
the support itself may interact with the nickel metal during carbonation-calcination 
conditions.
2.1 Acceptor Structural Changes
Several researchers (Glasson (1958), Narcida (1992) and Silaban (1993)) 
have studied CaO precursors such as calcium hydroxide (Ca(OH)2), calcium 
carbonate (CaCC>3 ), calcium acetate (CaC2 0 4 *H2 0 ), limestone (CaCOa) and 
dolomite (CaC0 3 *MgCC>3). Properties o f  precursors such as surface area and pore 
volume are important in determining the properties of the calcined acceptor. The 
above calcium precursors have small surface area and porosity compared to their 
calcined products. The reduction in molar volume when CaC0 3  is converted to CaO 
is about 41.3%.
Glasson (1958) measured BET surface areas o f  CaO produced from 
Ca(OH)2, CaCOs and CaC2 0 4 *H2 0  calcined at different temperatures. The surface 
areas of the precursors were 4.9, 2.5 and 1.9 m2/g, respectively. The maximum 
surface areas o f  the calcined products were 85.4 m2/g at 400°C, 46.6 m2/g at 700°C 
and 43.2 m2/g at 750°C, respectively. Sintering effects were also observed.
Borgwardt et al. (1984) investigated surface area changes during calcination 
of limestone. At the beginning, limestone containing 95% CaC0 3  and 1.3% MgC0 3  
had a porosity o f 8 % and a BET surface area of 2.2 m2/g. After calcination in N2 at 
700°C for 90 seconds, the BET surface area was 79 m2/g
In this laboratory Narcida (1992) measured the structural properties (surface 
area, pore volume, and pore size) o f three calcium-based precursors. Calcination
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was conducted at 750°C in N2 and 1 atm. Initial pore volume and surface area of 
calcium carbonate (CC), calcium acetate (CA) and dolomite (DOL) precursors were 
0.07, 0.31 and 0.33 cm3/g and 0.9, 3.8 and 1.6 m2/g, respectively. The low surface 
area and porosity o f the precursors suggested the relative absence of pores, which 
was confirmed by scanning electron microscopy (SEM). After calcination the 
acceptors showed pore volumes and surface areas of CC, CA and DOL o f 0.42, 
3.08, 0.92 cm3/g and 18.5, 21.1 and 21.3 m2/g, respectively.
Han and Harrison (1994) reported changes in structural properties associated 
with calcination o f dolomite. Dolomite (as received) had a BET surface area o f  1.6 
m2/g and porosity o f 0.012 cm3/g; after calcination under N2 at 750°C and latm  the 
porosity and surface area were 0.36 cm3/g and 21.3 m2/g, respectively
2.1.1 P recursor Carbonation
Structural property changes due to chemical reaction (1-4) (see Chapterl) 
occur because o f  the difference between the molar volume of reactant and product 
solids. For the C 0 2 plus CaO reaction, the solid product, CaC0 3 , occupies about 2.2 
times the volume of the solid reactant. The pore volume created during calcination 
of the precursor should, if the carbonate is evenly distributed throughout the particle 
volume, be sufficient to permit complete recarbonation. But preferential reaction 
near the particle exterior may result in pore closure and prevent C 0 2 access to 
unreacted CaO at the interior of the particle. As a result, the porosity diminishes 
with the progress of the reaction and carbonation conversions of less than 1 0 0 % are 
typical.
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Dedman and Owen (1962) studied the carbonation o f calcined limestone in 
the temperature range o f 100-600°C and pressure range of 10-600 mmHg. The 
reaction was initially very rapid followed by a period in which the rate was much 
slower. The slower second stage was attributed to the diffusion o f gases in pores.
Barker (1973) examined the reaction between CaO and CO2 at 8 6 6 °C and 1 
atm using a thermogravimetric analyzer. The calcium carbonate particle size was in 
the range o f 2 to 20 jam. Multiple cycle runs (up to 40) were conducted using 
limestone precursor. Complete calcination was achieved in each cycle represented 
by a weigh loss from 100% to 56 %. Each recarbonation started with a very rapid 
initial period followed by an extremely slow rate stage as observed by Dedman and 
Owen (1962). This slow stage resulted in incomplete carbonation with final 
conversion reaching approximately 72%.
Bhatia and Perlmutter (1983) investigated the kinetics of the C0 2 -lime 
reaction in a TGA under a mixture of CO2 and N 2 at 1 atm over a temperature range 
of 400 to 725°C. They also found an initial rapid reaction followed by a diffusion 
controlled second stage.
Studies by Barker (1973) and Silaban (1993) have provided explanations for 
this reaction behavior. Natural limestone is essentially nonporous and, during 
calcination, pores were created within the solid as CO2 was driven off. Upon 
carbonation these pores were refilled. Silaban (1993) reported that carbonation 
occurred preferentially at the particle exterior and the end of the rapid reaction stage 
corresponded to total surface pore closure. The remaining unreacted CaO within the
22
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particle was carbonated very slowly since further reaction was controlled by solid 
state diffusion o f C 0 2  through the non-porous carbonate layer.
In this laboratory, Narcida (1992) measured structural properties resulting 
%
from the calcination and carbonation o f  calcium carbonate (CC), calcium acetate 
(CA) and dolomite (DOL). Calcination was conducted at 750°C in N2  at latm. 
Carbonation was performed at 750°C in 15% CO2/  N2  at latm. Initial pore volume 
and surface area for CC, CA and DOL were 0.07, 0.31 and 0.33 cm3/g and 0.9, 3.8 
and 1.6 m2/g, respectively. After calcination both surface area and pore volume 
increased significantly to 0.25, 0.96, and 0.40 cm3/g and 18.5, 23.2 and 14.4 m2/g, 
respectively. Recarbonation produced a decrease in pore volume and surface area 
for CC, CA and DOL to 0.07, 1.38 and 0.38 cm3/g and 1.1, 3.8 and 6.4 m2/g, 
respectively. Also after recarbonation the final fractional calcium conversions for 
CC, CA and DOL were 0.81, 0.96 and 0.96, respectively.
The extra pore volume and surface area of the recarbonated dolomite was 
attributed to the pores created by the calcination o f MgCOa to MgO. At the 
carbonation conditions studied, MgO was not recarbonated. The excess pore volume 
created by MgC0 3  decomposition was considered to be responsible for the high 
calcium conversion o f 96%.
Narcida (1992) also reported pore size distributions. After calcination, CC 
showed pores with diameters in the range o f0.02-0.08 microns (pm). CA contained 
two ranges of pores with large pores in the range o f 0 .1 - 6  microns and smaller pores 
with an average diameter o f  0.035 microns. Calcined dolomite had a bimodal pore 
size distribution with average diameters o f  3 pm and 0.05 pm. SEM photographs of
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recarbonated CC revealed a smooth surface with almost no pores. CA recarbonation 
resulted in partial pore closure with the remaining pore diameters in the range of 
0.1-6 pm. Dolomite behaved similarly to CA since partial pore closure was also 
observed. After carbonation, open pores of 0.06 and 3 pm remained.
2.1.2 Sintering
Sintering is the phenomenon in which fine particles in contact with each 
other agglomerate when heated at high temperatures causing loss in surface area and 
other structural changes in the absence of a chemical reaction. Important factors in 
this physical process are temperature, pressure, gas composition and time.
The effect of sintering time on surface area was studied by Borgwardt 
(1985) who measured BET surface areas of calcined limestone as a function of time. 
The original limestone contained 95% CaCC>3 and 1.3% MgCCh, had a porosity of 
8 %, a BET surface area of 2.2 m2/g and a grain size of 2 pm. A BET surface area of 
79 m2/g was obtained after calcination at 700°C in N2 for 90 sec. Sintering for 20 
min at 700°C reduced the surface area to 40 m7g, with a further reduction to 32 
m2/g after 60 minutes
Fuertes et al. (1991) studied the sintering of CaO in a N2 atmosphere at 700, 
800, 850 and 900°C at latm. Sintering was followed by measuring the change in 
pore radii with time for a period of 90 min. Initial pore radii were in the range of 
150-200 A. 850 and 900°C sintering produced a large increase in pore radii to 
average values o f 580 and 920 A, respectively. At lower temperatures (700 and 
800°C), this effect was almost negligible and the average pore radii remained in the 
range o f 150-220 A. The specific surface area was affected by sintering at all
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temperatures. 700°C sintering reduced the initial BET surface area of 34 m2/g to 
32.5, 30, 27.5 and 24 m2/g after 10, 30, 60 and 90 min, respectively. 900°C 
produced further surface area reduction with the initial BET surface area of 26 m2/g 
decreasing with time to 24, 15, 10 and 5 m2/g at 10, 30, 60 and 90 min, respectively.
Narcida (1992) found little change in pore volume after sintering of calcined 
precursors in N2  at temperatures of 750°C, 900°C and 1000°C and times o f 10 
minutes, 1 and 6  hours. For the calcium carbonate precursor (CC) the pore volume 
remained constant at about 0.40 cm3/g. CaO produced from calcium acetate (CA) 
and dolomite (DOL) had also relatively constant pore volumes o f about 3.10 and 
1.00 cm3/g, respectively. However, sintering did affect the surface area. All three 
sorbents showed a decrease in surface area with longer sintering times and higher 
sintering temperatures. After 1 hour at 750°C, surface areas of 18.5, 21.1 and 21.3 
cm2/g were reported for CC, CA and DOL, respectively. Surface areas for CC, CA 
and DOL after 6  hours at 900°C were 14.8, 16.5 and 14.8 cm2/g, respectively.
Gas composition is another important factor in sintering. Anderson and 
Morgan (1964) reported that water vapor contributed to surface area reduction in 
MgO. They proposed that surface diffusion induced by adsorbed H2O was 
responsible for the reduction in surface area. Anderson et al. (1965) showed that 
sintering o f CaO is more sensitive to water vapor than MgO, and is due to crystallite 
growth, not merely agglomeration and closure of pores. This is especially important 
in the alternate H2  production process due to the fact that MgO could stabilize the 
acceptor structure and minimize deterioration of the acceptor with increasing cycle 
numbers.
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CO2  atmospheres also accelerate CaO sintering. Ulerich et al. (1978) 
proposed a catalytic mechanism to explain the role of CO2 in CaO sintering which 
occurs above the dissociation temperature of CaC0 3 . Beruto et al. (1984) 
demonstrated this catalytic effect by measurements o f surface area and porosity 
reduction in CaO exposed at 6 8 6 °C to CO2  pressures below the equilibrium pressure 
required for CaC0 3  formation. The catalysis was attributed to enhancement of 
surface diffusion by reversible chemisorption of CO2 , analogous to the mechanism 
of HaO-catalyzed sintering postulated by Anderson and Morgan (1964).
Borgwardt (1989) also studied the sintering o f CaO in H2O and C02 
atmospheres. Isothermal sintering tests at 800°C and various H 2O partial pressures 
using CaO prepared from Ca(OH) 2  and limestone were reported. A very small 
concentration o f water vapor produced a significant increase in sintering rate, in 
agreement with results reported by Anderson and Morgan (1964). Porosity 
reduction was also accelerated by the presence of H2O and CO2 - Borgwardt (1989) 
concluded that the sintering rate at a given temperature is greatly increased by the 
presence o f either H2 O or CO2 in the sintering atmosphere, and more so by their 
combination. Both surface area and porosity of CaO were affected, but the loss of 
surface area was much faster. Results o f data correlation using the sintering model 
of German and Munir (1976) suggested that both grain boundary and surface 
diffusion mechanisms were responsible for the sintering o f CaO particles.
Fuertes et al. (1991) also found a significant surface area reduction when 
CaO particles were sintered over a temperature range o f  700-900°C in an 
atmosphere containing up to 15% CO2/N2 and 90 min sintering time. At 900°C and
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5% CO2/N2  the initial surface area o f 30 m2/g decreased to 17.5, 12.5, 11.5 and 9.8 
m2/g after 1 0 , 30, 60 and 90 min, respectively. An increase of CO2 concentration 
increased the severity of the sintering and further reduced the CaO surface area. At 
900°C and 15% CO 2/N2  the initial surface area of 2 1  m2/g decreased to 1 0 , 6 , 4.8 
and 3.7 m2/g after 1 0 , 30, 60 and 90 min, respectively. CaO particles from a 
limestone precursor shrunk between 9 and 14% during calcination in the presence of 
CO2 . However, during sintering the pore volume and porosity of the calcined 
samples were almost unaffected with a mean porosity of 0.48 and pore volume of 
0.31 cm3/g
2.1.3 Multicycle Operation
In multicycle operation the effects o f  reaction and sintering are additive and 
eventually will be reflected in the acceptor performance. Several precursors have 
been tested in a multicycle operation with dolomite showing superior performance 
due to the stabilizing effect of MgO and the excess pore volume created with 
MgC0 3  decomposition.
Barker (1973) examined the reversibility o f the reaction between CaO and 
CO2 using limestone precursor at 8 6 6 °C and I atm by using a thermogravimetric 
analyzer. The particle size was in the range o f  2 to 20 um. Multiple cycle runs (up to 
40) were conducted and complete calcination was obtained in each cycle, as 
represented by a weigh loss from 100% to 56%. Each recarbonation started with a 
very rapid period followed by an extremely slow rate as observed by Dedman and 
Owen (1962). Fractional carbonation gradually decreased as the number o f cycles
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increased as a result o f  loss o f pore volume in the CaO and possibly sintering o f  the 
carbonate.
DeLucia (1985) studied the multicycle behavior o f the calcination- 
carbonation reaction using limestone and CO2  at atmospheric pressure over the 
temperature range of 500 to 800°C. The CaO particles experienced a volume 
decrease o f 10-25% during calcination, which explained the decrease in reactivity o f 
CaO by 10-25% per cycle.
In this laboratory Silaban (1993) studied the calcination and carbonation 
reactions as a function o f temperature, pressure, and CO2 concentration. Three 
sorbent precursors, calcium carbonate (CC), hydrated calcium acetate (CA), and 
dolomite (DOL), were used. Multicycle runs were conducted to test the sorbent 
durability. After five cycles o f  calcination (750°C, 1 atm, 1 0 0 %N2) and carbonation 
(750°C, 1 atm, 15% CO2/N2), CC lost 38.3% o f its CO2  capacity (gC02/g calcined 
sorbent) and fractional calcium conversion decreased from 0.81 to 0.49. CA lost 
13.8% of its CO2 capacity and fractional calcium conversion decreased from 0.96 to 
0.82. DOL experienced a reduction of less than 5% o f its CO2 capacity and the 
fractional carbonation conversion was reduced only from 0.96 to 0.92. It was 
concluded that dolomite possessed better reactivity and durability than calcium 
carbonate and calcium acetate.
Also in this laboratory Narcida (1992) measured the structural properties 
(surface area, pore volume, and pore size) o f  the calcium-based sorbents studied by 
Silaban (1993) (CC, CA and DOL) at various stages through two complete 
calcination/carbonation cycles. Calcination was conducted at temperatures o f  900°C
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and 750°C in N2 . Carbonation was conducted at temperatures o f  550°C and 750°C in 
15% CO2/N2  at 1 atmosphere. Initial pore volume, and surface area of CC, CA and 
DOL precursors were 0.07, 0.31 and 0.33 cm3/g and 0.9, 3.8 and 1.6 m2/g, 
respectively. Powder samples having particle diameter less than 3 7pm were used. 
After two calcination (750°C, 1 0 0 % N 2)-carbonation (750°C, 15% CO2/N2) cycles 
the pore volume and surface area o f  CC, CA and DOL were 0.07, 1.22 and 0.52 
cm3/g, and 0.8, 3.0 and 5.7 m2/g, respectively. Fractional calcium conversion for the 
acceptors were 0.71, 0.90 and 0.91, respectively. After two calcination (900°C, 
100% N 2 )-carbonation (750°C, 15% CO2/N2) cycles the pore volume and surface 
area o f CC, CA and DOL were 0.08, 1.43 and 0.57 cm3/g, and 1.4, 2.7 and 5.5 m2/g, 
respectively, and fractional calcium conversions were 0.60, 0.91 and 0.94.
Surface areas of CC and CA were lower in comparison with the first cycle 
results. This was attributed to sintering effects. However, at the end of the second 
carbonation the surface area and pore volume of dolomite (DOL) were essentially 
equal to the initial values. The better performance of dolomite was attributed to the 
presence of MgO, which has a Tamman temperature of 1120°C, and thus minimizes 
the effect o f sintering at the temperatures employed. Also, the two cycles produced 
almost complete pore closure for CC with an average pore diameter of 0.04 microns 
(pm) compared to an initial value o f 6  microns after the second carbonation. Partial 
closure o f micron-sized pores was observed with CA as indicated by an average 
pore diameter range of 0 . 1  to 6  pm compared to an initial value o f  8  microns. 
Dolomite showed partial closure o f submicron and micron-size pores resulting in a
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bimodal pore size distribution with average pore diameters o f 0.06 and 3 pm 
compared to  an initial value o f 3 microns
Han and Harrison (1994) studied the performance o f calcined limestone and 
dolomite in a multicycle operation in the production of H 2 from synthesis gas using 
the combined water-gas shift and carbonation reactions. Calcination was performed 
in 100% N 2  at 750°C and the reaction-carbonation temperature was 550°C. They 
found that dolomite was superior to limestone after five cycles although limestone 
had initially greater CO2 capacity per unit mass. The advantages o f  dolomite were 
attributed, to a large degree, to differences between the structural properties of 
calcined dolomite and calcined limestone. Both dolomite and limestone were 
effectively non-porous. Initial calcination produced complete decomposition so that 
dolomite w as converted to CaO + MgO while limestone was converted to CaO. 
Carbonation conditions of dolomite were such that CaO, but not MgO, reacted with 
CO2 . MgO stabilized the solid structure o f dolomite and reduced its sintering. The 
excess pore volume created by MgC0 3  decomposition was believed to prevent pore 
closure at the exterior surface of the particle. During five-calcination-carbonation 
cycles the reaction breakthrough time with dolomite decreased only from 4 to 7% 
per cycle compared to 25 to 30% per cycle with limestone. Acceptor durability was 
effectively independent of feed gas composition and space-velocity during 
carbonation.
2.2 Deactivation of the Reforming Catalyst
The metals o f group VII of the periodic table are active for the steam 
reforming reaction. However, with a few exceptions supported nickel is the active
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material in industrial catalysts (Anderson and Boudart, 1984). In addition to the 
catalytic function o f  the nickel metal, which is essential for the steam reforming 
reaction to take effect at near equilibrium conditions, the mechanical, chemical, and 
structural properties o f  the nickel metal and the support are critical for the durability 
of reforming catalysts.
According to Rostrup Nielsen (1984), loss o f  activity is determined by 
chemical interactions between the metal and the support (or other solid materials), 
sulfur and carbon poisoning, and structural changes o f the active metal due to 
agglomeration (loss o f  surface area).
2.2.1 Deactivation of Nickel by Interactions with the Support
Temperature and steam partial pressure restrict the choice o f  support 
material for the reforming catalyst (Satterfield, 1991). Most industrial reforming 
catalysts are based on ceramic oxides stabilized by a hydraulic cement. Silica 
supports are slowly volatilized by steam at typical reaction temperatures (850°C, 15 
atm) leading to catalyst degradation and deposition o f silica downstream. Transition 
aluminas such as y and tj are not stable. The typical ceramic support used for steam 
reforming catalysts is a-alumina due to its stronger mechanical properties and 
stability at high pressures and temperatures (Satterfield, 1991).
Reforming catalysts are manufactured in the form o f NiO supported on a -  
alumina. Activation (prior to reaction) is usually accomplished by reducing the 
supported MO with hydrogen through the following reaction:
NiO  + H 2 <-----> N i+ H zO (5)
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At steam reforming conditions deactivation o f the catalyst may occur by 
chemical interaction of the support with NiO even with the nearly inactive a - 
alumina through the following reaction:
NiO  +  AI20 3 <---- >NiAl20 A (6 )
The formation o f the blue-colored nickel aluminum spinel may start at temperatures 
above 700°C (Alzamora et al., 1981). Reaction (6 ) at standard reforming conditions 
occurs in a very slow rate, but it can be significant at the high calcination 
temperatures expected in the alternate process. When nickel aluminum spinel has 
been formed, temperatures above 800°C may be required for complete reduction 
according to Takemura et al (1967).
If  the catalyst is not separated from the acceptor, a similar reaction between 
nickel oxide and magnesium oxide is possible (Hahn and Muan, 1961):
xNiO + ( 1  -  x)MgO < >(Nix, M gQ_x) )0  (7)
High temperatures favor the formation o f the green nearly ideal solid solution of
nickel magnesium oxide. This could occur due to interaction of NiO in the catalyst
with MgO present in the dolomite.
Magnesia dissolved in the nickel oxide phase, even in small amounts
drastically influences the reduction rate o f nickel oxide as reported by Tikkanen et
al. (1963). Activation temperatures around 750-850°C were required.
Interactions of calcia with alumina are also possible in the alternate process
since calcia from the dolomite is in contact with the catalyst at high temperatures.
Evidence o f this interaction was found by Agnelli et al. (1987). They performed
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sintering experiments on commercial reforming catalyst using temperature 
programmed reduction (TPR) and x-ray diffraction (XRD) techniques. The catalysit 
had a composition o f 53% o f A120 3 *H20 , 8 % CaO and 31.8% NiO with remaining 
impurities being carbon and calcium carbonate. Fresh catalysts were reduced in the 
temperature range o f 250-800°C. XRD and TPR analysis revealed that bohemite 
(A120 3 *H20 )  was transformed into y-Al2 0 3 , graphite content decreased, calcite 
disappeared and that a calcium/aluminum compound was formed with increased 
sintering time. The XRD spectrum revealed the presence of Cai2Ali4 0 3 3 -
There is the possibility of other interactions such as nickel with calcia and 
alumina with magnesia. However, no evidence of these interactions has been found 
in the literature.
2.2.2 Deactivation by Poisoning
The activity o f the reforming catalysts may be severely reduced or even 
destroyed by poisoning. Sulfur is the most severe poison for steam reforming 
catalysts because sulfur compounds are strongly chemisorbed on the metal surface:. 
Small amounts of sulfur (0.2-0.5 ppm), usually in the form o f hydrogen sulfide 
(HaS), will completely deactivate the catalysts (Satterfield, 1991). In the 
conventional steam reforming process sulfur is eliminated from the feedstock using 
activated zinc oxide beds. In the alternate process, sulfur commonly found in  
commercial dolomite may also be responsible for catalyst poisoning.
Sulfur deactivation appears to be linear with sulfur uptake (coverage) 
according to Rostrup Nielsen (1984). Morita and Inoue (1965) report that sulfur
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poisoning is reversible. The initial activity o f the catalyst was recovered after sulfur 
compounds in the feed o f an industrial reactor were removed.
Reforming catalysts may also be deactivated by the formation of carbon 
filaments produced by methane decomposition that are deposited over the metal 
sites o f the catalyst. Proper control of reaction conditions may prevent methane 
decomposition and carbon deposition.
Rostrup Nielsen et al. (1984) studied carbon formation in the SMR using 
conventional reforming catalysts. He confirmed that the reaction o f hydrocarbons 
and CO over transition metals could lead to the formation o f carbon filaments over 
the surface o f the metal at a S/C (mols o f steam/mols o f carbon in the feed) ratio o f 
1.2. Paloumbis and Petersen (1982) showed that the experimental steam to carbon 
ratio necessary to avoid carbon formation is larger than the thermodynamic value. 
For example, thermodynamic calculations at 900 °C show no carbon formation even 
for a value o f S/C ratio as low as 1.0. Experimentally, at the same operating 
temperature, a S/C ratio over 1.3 was required to prevent carbon formation 
(Elnashaie et al., 1988).
2.2.3 Deactivation by Agglomeration of the Nickel Metal
Aging o f steam reforming catalysts due to structural changes is evident in 
industrial reformers. Haitham (1997) reported that reduced activity was caused by 
changes in the surface properties and the chemical content of the catalysts. He 
attributed this reduction to the continuous increase in the furnace temperature, 
which was required to maintain the initial hydrocarbon conversion. Used and 
unused catalysts were analyzed by dispersive x-ray spectrometry (EDS) and
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scanning electron microscopy (SEM). In unused catalyst, fine needle-shaped nickel 
oxide particles were well dispersed on the high porosity alumina support. The used 
catalysts had lower porosity and the nickel oxide had agglomerated. The used 
catalysts also had a lower nickel content, which suggested volatilization of nickel in 
the form o f  nickel carbonyl.
The activity o f the reforming catalyst is often related to the nickel surface 
area and metal dispersion. Dispersion is defined as the ratio of the number of 
surface metal atoms available for chemisorption to the total number o f  metal atoms 
present in the catalyst (Carberry, 1976). Rostrup-Nielsen (1984) reports that the 
nickel crystals in a conventional reforming catalyst (Ni/a-AkOa) have nearly ideal 
six-fold symmetry in the size range of 15-150 nm, and a low dispersion of less than 
0.5%. He indicates that catalysts with higher surface area like Ni/MgO have a more 
stable micropore system in the ceramic support compared to a low surface area 
obtained with typical Ni/a-Al2 0 3  catalysts. With Ni/MgO catalysts it is possible to 
obtain nickel crystals in the range o f 20 to 50 nm with dispersions of 5 to 2%, 
respectively. Smith et al. (1981) found that the nickel cluster may not be a single 
crystal but affected by multiple twinning within metal particles as small as 15 nm. 
He proposed that the nickel particles might be composed o f  a number o f tetrahedra. 
Therefore the observed metal may be a poly-particle o f  such multiply twinned 
crystals.
The activation procedure (temperature and gas composition) and the extent 
of reduction play an important role in the surface area and size o f the nickel 
crystallites. The reduction process is complex because once it is started sintering of
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the nickel can also take place. Rostrup-Nielsen (1984) studied the effect o f different 
activation procedures on a magnesia-based nickel catalyst. Temperatures higher 
than 750°C were required to obtain a reasonable reduction rate. The highest nickel 
surface area o f  6 . 8  m2/g was attained when using dry hydrogen during heating as 
well as during reduction; only about one third o f this surface area (2.7 m2/g) was 
observed when heating and activation o f the catalyst was performed in the presence 
of steam.
The author explains this result by assuming that H2O oxidizes the smallest 
nuclei of nickel or prevents their formation. Consequently, the number o f nuclei and 
the resulting number of crystals is decreased along with the surface area. Other 
investigators (Bartholomew and Farrauto (1976), Martin et al. (1981) and 
Ruckenstein and Hu (1986)) have also found that the presence of steam during 
heating had a negative effect on surface area. A small decrease in surface area from 
6 . 8  to 5.4 m2/g was observed during heating in nitrogen. Dry hydrogen reduction 
resulted in stabilization o f the nickel nuclei.
The extent o f reduction can also affect the activity o f reforming catalysts. 
Bridger (1976) experimented with a catalyst containing 25% wt NiO/AhOs reduced 
in hydrogen at atmospheric pressure in the presence and absence of steam. 
Temperature was varied from 400-800°C and reduction time from 3-15 hours. The 
highest nickel surface area of 2 0  m2/g was obtained when the catalyst was reduced 
under 100% hydrogen at 600°C. At higher temperatures the surface area was 
lowered due to sintering to a value of 10 m2/g. Still lower surface areas o f about 4 
m2/g were obtained when steam was present due to enhancement o f sintering. The
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shape o f the temperature programmed reduction (TPR) pattern o f the catalyst in the 
presence of steam resulted in two peaks suggesting that the nickel area is derived 
from more than one nickel compound.
Sintering o f the nickel crystals also results in a decrease in the specific 
catalyst activity. Rostrup-Nielsen (1973) studied the sintering o f  reforming catalysts 
on low area ceramic supports. No sintering was observed at 550°C over a period of 
1000 hours. The nickel surface area dropped to around 75% and 60% of the original 
value over the same period at 700°C and 850°C, respectively. Results agree with the 
Tammann rule where sintering is expected above 0.5 times the melting point of the 
metal (for nickel this value is 590°C).
Results o f Numaguchi et al. (1995) with a Ni (6 .8 % wt)/a-Al2 0 3  catalyst 
over 430 hours o f operation at a sintering temperature range o f 590-750°C 
confirmed increased sintering in steam atmospheres. SEM was used to determine 
the initial Ni crystallite size after reduction, which resulted in a value of 25 nm. 
Sintering did not occur in a H2/N2 atmosphere while significant sintering occurred in 
a H2 O/H2/N2 atmosphere with a final crystallite size o f 40 nm.
Ruckenstein and Pulvermacher (1973) reported that the growth mechanism 
o f supported metal crystals appears to be influenced by the wetting properties of the 
metal and by the micropores o f  the support. They found that growth is impeded 
when the size o f the metal crystallite is of the order o f magnitude of the diameter o f 
the pore in the support. Other investigators, Puri et al. (1975) and Martin (1979), 
concluded that, in general, the metal particles may not grow to a size larger than the
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pore diameter o f the support. Supports containing stabilized micropores may retard 
sintering o f the nickel crystals.
Agnelli et al. (1987) performed sintering experiments on commercial 
reforming catalyst using temperature programmed reduction (TPR) and x-ray 
diffraction (XRD) techniques. The catalyst had a composition o f 53% Al2 0 3 *H2 0 , 
8 % CaO and 31.8% NiO with remaining impurities being carbon and calcium 
carbonate. Sintering and reduction were performed using Hfe and H2/N2  mixtures. 
Fresh catalysts were reduced in a temperature range of 250-800°C for 20 hours at a 
heating rate o f 10°C/min. The smallest Ni crystallite size of 35 nm was obtained 
with pure H2  compared to 53 nm crystallites using a H2/N 2  mixture. X-ray 
diffraction (XRD) and TPR analysis revealed that bohemite (Al2 0 3 *H2 0 ) was 
transformed into Y-AI2O3, graphite content decreased, calcite disappeared and that a 
calcium/aluminum compound was formed with increased sintering time. XRD 
spectra revealed the presence o f  Cai2 Ali4C>3 3 . TPR experiments revealed three 
signals in the temperature range o f  250-950°C. The first two (250 and 490°C) 
corresponded to reduction o f NiO crystallites. Only one signal at 400° was found 
when the water was previously eliminated from the support. The last TPR signal 
(660°C) was attributed to NiO interaction with the support.
In another study Agnelli et al. (1994) associated increased sintering o f nickel 
particles under methanation reaction (240-450°C) to the transfer o f  carbonyl-type 
species. Numaguchi et al. (1995) reported that nickel catalysts under steam 
reforming conditions showed more sintering at lower temperatures than at higher 
when higher H2 concentrations were used during catalyst activation. Teixeira and
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Loureiro (1993) verified that steam strongly affects the rate of sintering, with more 
than two-fold increase compared to the rate in H2 . Ruckenstein and Hu (1986) 
suggested that water vapor influences the dispersion o f  metal by strengthening or 
weakening the metal-support interactions through the presence o f adsorbed species 
such as OET.
The effect o f oxygen on the activity o f reforming catalysts has also been 
studied. Unmuth et al. (1980) found that Ni is more highly dispersed when subjected 
to an oxidation-reduction sequence. Ruckenstein (1991) confirmed this effect when 
he reported that both the small and large crystallites produce patches o f nickel oxide 
when exposed to oxygen. These patches coalesce to generate a continuous film 
among a large number o f crystallites. During subsequent heating in hydrogen, the 
films are reduced and ruptured, generating new patches surrounding existing 
particles, with ultimate coalescence o f the patches into the existing particles. 
Thermodynamics was employed to explain why films were formed during heating 
in oxygen (strong molecular interactions) and why they ruptured during heating in 
hydrogen (weak molecular interactions).
Two nickel sintering mechanisms are believed to occur simultaneously in 
SMR catalysts: atomic and particle migration. Atomic migration (Flynn and Wanke, 
1974), also called Ostwald ripening, involves transport o f individual atoms between 
particles, while particle migration (Ruckenstein and Pulvermacher (1973)) is 
produced by migration o f  whole particles over the support followed by collision and 
coalescence.
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Teixeira and Giudici (1999*) reported the most recent steam reforming 
catalyst sintering results. A coprecipitated 53.8% wt N1/AI2O3 catalyst was studied 
in a microreactor at 500°C and 800°C under steam reforming conditions. Changes in 
microstructure (crystalline phases)*, average metal crystallite sizes, and size 
distributions were investigated by TPR, XRD and transmission electron microscopy 
(TEM) techniques. They reported th a t the rate of sintering o f small crystallites 
increased as a result o f the combined action of steam and high temperature, 
particularly for narrow initial crystallite size and distributions and high initial 
dispersions. Initial crystallite size dispersion after reduction determined by a BWA 
(Bertatut-Warren-Averbach., Warrerm et al., 1953) technique resulted in an average 
of 6.9 nm and 14.7%. After 15 houtrs of sintering the average crystallite size and 
dispersion were 8.3 nm and 12.2%, respectively. Further sintering resulted in larger 
crystallite sizes and lower dispersions. After 30 hours o f sintering the average 
crystallite size and dispersion were 1 1.5 nm and 8 .8 %, respectively.
They attributed this behavio»r to a shift from crystallite migration in the 
initial stages o f heat treatment to atomic migration in the later stages. The addition 
of a lanthanum promoter to SMR ca-talysts inhibited metal crystallite growth under 
reduction and reaction conditions. This was confirmed when the initial crystallite 
size and dispersion after reduction changed only from of 5.3 nm and 19.1% initially 
to 5.7 nm and 17.8%, after 15 hours o f  sintering.
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CHAPTER 3 
THERMODYNAMIC ANALYSIS
3.1 HSC Chemistry
Thermodynamic comparison between the conventional and alternate 
processes has been made by using the HSC (Roine, 1997) software, which is based 
on the free energy minimization approach. HSC contains a thermochemical database 
that includes more than 15000 compounds. Input data to HSC includes the 
composition o f  the initial mixture, possible products at equilibrium, phase in which 
each compound is present (gaseous, liquid and solid species), temperature, and 
pressure o f  the system. Calculations may be performed at stepwise intervals over 
ranges o f  raw material amounts, reaction temperatures, or pressures. The Gibbs 
program in HSC finds the phase compositions where the Gibbs energy o f  the system 
reaches its minimum at a fixed mass balance (a constraint minimization problem), 
constant pressure and temperature. The gas phase is assumed to be ideal and 
condensed species are assumed to form pure phases having an activity o f 1 .0 . 
Finally, the resultant number o f moles o f each component or equilibrium 
composition o f  the mixture is presented as a function of temperature, pressure or 
partial pressure o f a desired compound.
Limitations o f HSC are evident due to the fact that the simulation o f 
chemical reactions and processes is based only on thermochemical data. The Gibbs 
free energy technique does not take into account all the necessary factors, such as 
rates o f reactions, heat and mass transfer phenomena and non-ideality o f the 
solutions and mixtures. However, the HSC approach may give useful and invaluable 
insights to the thermodynamics o f the system.
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3.2 Comparison of Conventional and Alternate Processes
Figures 3.1 and 3.2 show, respectively, the equilibrium Hfe content (dry 
basis) and the equilibrium Hfe production rate (mols Ffc product/ mols CH4  fed) as a 
function o f temperature and pressure for the combined reforming-shift-carbonation 
reactions (alternate SMR process). The feed in these calculations consisted o f CH4, 
H2O, and CaO in a molar ratio of 1:4:2. The most favorable conditions for Efe
production are intermediate temperature and low pressure. At 500°C and 1
atmosphere it is theoretically possible to produce 99 % H2 (dry basis) at a  hydrogen 
production rate (HPR) o f 3.9. However, process economics normally requires the 
use of higher temperatures and pressures, in the range of 800-850°C and 15-20 atm, 
for the conventional process. Figures 3.1 and 3.2 also show that 96 % H2 (dry basis) 
can be produced at a HPR o f 3.5 at 650°C and 15 atm, typical reaction conditions 
used in the experimental study.
The somewhat complex response of the thermodynamics of the alternate 
process is due to the contrasting effects o f temperature and pressure on the 
individual reactions. Reforming is endothermic and involves an increase o f the 
number o f gas phase mols according to the following reactions (chapter 1 ):
CH4 + 2H 20<--->C02 + 4H 2 (1)
CH4 + H 20  <----> CO + 3H 2 (2 )
Therefore, an increase in temperature and a decrease in pressure enhance reactions 
(1) and (2). The shift (3) and carbonation (4) reactions:
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Figure 3.1. Equilibrium Mol Fraction o f Hydrogen (Dry Basis) as a Function o f Temperature 
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and Pressure for the Combined Reforming-Shift-CCh Removal Reaction
CO + H 20  >COz + H 2 (3)
CaO + C 02 >CaC03 (4)
are both exothermic and are favored by lowering the temperature of the system. The 
shift reaction (3) involves no change in gas phase mols; therefore it is independent 
o f pressure. The carbonation reaction (4) results in a decrease in the number of gas 
phase mols; consequently, it is favored by increasing pressure. This combination o f 
effects produces the maximum in Hj content and production rate at each pressure.
Figure 3.3 compares the equilibrium mol fraction o f Efe (dry basis) and 
hydrogen production rate (HPR) in the product gas from the conventional and 
single-step processes as a function of temperature at 15 atm and a steam-to-methane 
ratio o f 4.0. In the conventional process, H2  mol fraction increases with increasing 
temperature, which is consistent with the endothermic reforming reactions ( 1 ) and 
(2 ). The maximum H 2 mol fraction of 0.75 occurs at 850°C.
For the single-step process, two branches o f  the equilibrium line are shown. 
The lower branch considers the possible formation o f  both CaCC>3 and Ca(OH)2 , 
while, in the upper branch, Ca(OH) 2  was removed from the list of permissible 
equilibrium products. Ca(OH) 2  begins to decompose above 600°C and the two 
branches merge at 630°C.
Not allowing Ca(OH) 2  to be formed in the upper branch is consistent with 
results from Balasubramanian et al. (1999) who reported that Ca(OH)2-free
45
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
Reforming With COzAcceptorWithout Ca(OH)
0.9
Q
0
Reforming Without C02Acceptor
P = 15atm 
Reactor Feed: “ 
1 mol CH,
• Mol Fraction H2 
HPR (Hj Production) 2 mol CaO
0.6
850 900650 700 750 800400 450 500 550 600
Temperature, °C
Figure 3.3. Comparison of the Equilibrium Hydrogen Content and H2 Production Rate (HPR) 
as a Function o f Temperature Content for Reforming With and Without CO 2 Acceptor at 15 atm
FL,
 P
ro
du
ct
io
n 
R
at
e(
m
ol
 H
, F
or
m
ed
/m
ol
 C
H
4F
ed
)
equilibrium can be closely approached even at temperatures as low as 550°C, and 
that the formation o f  Ca(OH) 2  was small even at 500 and 450°C.
One of the advantages of the alternate process is that greater hydrogen 
content is possible at lower temperatures such as 650°C where 96% H 2  (dry basis) is 
possible. Only 65% H2 (dry basis) may be produced at these conditions in the 
conventional process. This higher H2  content at lower temperatures may translate to 
energy savings in the alternate process. The alternate process advantage disappears 
gradually as temperature increases. At 885°C the alternate and conventional process 
equilibrium lines merge at the same product H2  content o f 76% (dry basis). CaC 0 3  
formation is not possible at this and higher temperatures.
Figure 3.3 also compares the HPR o f the conventional and alternate 
processes at 15 atm as a function o f temperature. The limitations o f reforming 
without the CO2 acceptor are evident. At reaction conditions of 650°C, 15 atm, and 
S/C =  4 without the CO2  acceptor, the equilibrium HPR is 1.85 and less than 70% 
conversion o f methane is thermodynamically possible. The equilibrium H2  content 
of the reformer product gas is only 65 % (dry basis). Feeding this product to a 
separate shift reactor and C 0 2 removal system would only increase the hydrogen 
content to about 8 8  % (dry basis). A higher reformer operating temperature and/or 
S/C ratio would be required to increase the H2  content after shift reaction and CO2  
separation to 96%. This last value can be obtained in a single step at 650°C when 
the reforming-shift-carbonation reactions occur simultaneously. An HPR o f  3.4 is 
possible at 650°C compared to a maximum stoichiometric yield o f 4.0 when both 
CH4  and CO are completely converted.
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When the combined reforming-shift-carbonation reactions are carried out at 
lower temperatures, essentially all o f the carbon oxides are removed from the 
product gas and the primary impurity is unreacted CKU- At higher temperatures, CH4 
reactivity increases and carbon oxides are the primary impurities. Figure 3.4 shows 
the equilibrium content (dry basis) o f CH4  and carbon oxides (CO and CO2) of the 
product gas as a function o f  temperature at 15 atm. CO2  removal efficiency 
gradually decreases with increasing temperature. Above 885°C, the CO2  separation 
reaction is no longer effective and the equilibrium product composition is the same 
as in the conventional process.
3.3 Effect of Steam to Methane Ratio (S/C) in the Feed Gas
Steam-to-methane or steam-to-carbon (S/C) ratio in the feed gas is an 
important process parameter in steam reforming. Figure 3.5 shows the effect of S/C 
ratio on the reforming-shift-carbonation reactions in the range of 2 to 6 . The 
equilibrium hydrogen content (dry basis) of the product gas in the temperature range 
o f400° to 900°C at 15 atm is presented.
There are three regions in Figure 3.5 that are bounded by two almost 
vertical, solid lines. The first region which is left o f the first solid line indicates the 
presence of Ca(OH) 2  in the equilibrium solid product. In the second central region 
no Ca(OH) 2  may be formed and CaCC>3 is the only solid product. The third region 
located in the lower right o f  the drawing identifies conditions where CaCC>3 is no 
longer formed.
Figure 3.5 shows the hydrogen content increasing with an increase in the 
S/C ratio in both the Ca(OH) 2  and CaC0 3  formation regions. A maximum o f  98.6%
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H2  is possible at a S/C ratio o f 6.0 at 647°C. In general, Efe content is near the 
maximum at temperatures between 625° and 675°C. 95+% H2  product gas is 
possible between about 625° and 750°C at S/C ratio o f  4.0, between 635° and 775°C 
at S/C ratio o f 5.0, and between 655° and 785°C at S/C ratio o f 6 .0 . S/C ratios less 
than 3.5 cannot yield 95+% H2 . The optimum S/C ratio for a given application is 
based on economics, as relatively large increases in steam rate produce only 
moderate increases in H2  content and HPR.
3.4 Catalyst Deactivation by Carbon Deposition
Reforming catalysts may be deactivated by methane decomposition with 
consequent formation o f carbon filaments that cover the metal sites of the catalyst. 
No carbon formation was predicted in calculations using the HSC (Roine, 1997) 
program with S/C ratios equal to or above 0.95 in the temperature range from 400- 
900°C. However, Rostrup Nielsen et al. (1984) reported that the reaction o f 
hydrocarbons and CO over transition metals could lead to the formation of carbon 
filaments over the surface o f the metal at a S/C ratio o f  1.2. Paloumbis and Petersen 
(1982) showed that the experimental steam to carbon ratio necessary to avoid 
carbon formation is larger than the thermodynamic value. Experimentally, at 900°C, 
a S/C ratio over 1.3 was required to prevent carbon formation (Elnashaie et al., 
1988). A S/C ratio o f  4 was used in the experimental study, thereby avoiding any 
possibility o f  carbon deposition.
3.5 Calcination of the Solid Acceptor
Calcination (regeneration) of the carbon dioxide acceptor (half-calcined 
dolomite) in the alternate process is governed by thermodynamics with high
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temperatures needed to accomplish complete calcination. Figure 3.6 shows 
calculated values o f the equilibrium pressure o f  CO2 over CaO for the temperature 
range of 700-1200°C using the HSC (Roine, 1997) program. CaO carbonation is 
favored at temperatures and pressures above the equilibrium line, while calcination 
is favored by lowering the operating pressure, reducing the CO2 partial pressure, 
and/or increasing the operating temperature.
For a gas containing pure CO2  at 1 atm, a temperature o f  900°C will be 
needed to achieve complete calcination. At the same pressure (latm ) but using a 
lower concentration o f  10% CO2/N 2  a  temperature o f 760°C is needed for 
calcination.
The effect o f total pressure in the calcination of CaCC>3 can also be observed 
from Figure 3.6. In pure CO2 at 15 atm a temperature of 1115°C is required for 
calcination. At the same total pressure, calcination is favored at 760°C when the gas 
contains only 10% CO2 . The temperature effect can also be observed from Figure 
3.6. At 900°C the CO2 partial pressure must be less than 1.09 atm for calcination to 
occur, while at 750°C, a CO2 partial pressure less than 0.086 atm is necessary.
In the alternate process the required heat for regeneration o f the solid 
acceptor must be supplied either by indirect heating of an inert gas or by direct 
heating through combustion of supplemental fuel. In the case of indirect heating the 
preheated gas must provide enough energy for the reverse o f the carbonation 
reaction (4) to occur and will serve as a carrier to remove CO2 from the acceptor. 
Inert gases such as nitrogen and steam may potentially be used. Steam has the 
advantage that it may be condensed so that the ofif-gas is pure CO2 . In contrast,
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Figure 3.6. Equilibrium CO2 Pressure as a Function o f Temperature
separation o f nitrogen from CO2  to produce pure CO2  would be difficult and 
expensive.
I f  regeneration is carried out using indirect heating o f an inert gas such as 
steam and/or N2 , CO2  partial pressure will be negligible compared to the sweep gas, 
and regeneration temperatures as low as 750°C at latm  will insure complete 
calcination o f CaCC>3 . Another gas that can be used for calcination o f the acceptor is 
CO2 itself. This method will also produce pure CO2  suitable for sale or 
sequestration. A  portion o f the CO2 produced would be recycled to the reactor to 
serve as the heat source and fluidizing medium. The recycled CO2 would be 
indirectly heated to the required temperature to avoid dilution with combustion air. 
In this case the CO2  partial pressure will be equal to the total regenerator pressure 
and temperatures as high as 900°C at I atm will be needed to insure complete 
calcination o f CaCC>3 .
Another possibility for providing heat for acceptor regeneration is direct 
heating by combustion o f a fuel-air mixture inside the regenerator. The combustion 
products would also serve as the carrier gas to remove the CO2 from the regenerator. 
If the catalyst is transferred to the regenerator along with the spent solid acceptor, 
additional energy would be supplied by oxidation o f the Ni to NiO. The NiO would 
then be reduced to Ni in the reforming reactor.
When energy is supplied by direct combustion o f supplemental methane 
inside the regenerator, the partial pressure of CO2  in the regeneration product gas 
would increase since CO2 is one o f the products o f  combustion. Higher temperature, 
about 800°C, will be needed to insure complete calcination o f the acceptor at 1 atm
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total pressure. At 15-atm total pressure, the regeneration temperature would have to 
be about 950°C.
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CHAPTER 4 
PROCESS SIMULATION AND COMPARISON
Detailed process simulation studies using Aspen-Plus® (Aspen Tech, 1997)
and Provision® (Simulation Sciences Inc., 2000) process simulators were carried out 
to confirm the potential advantages of the alternate Efe process. Both simulators 
provide detailed material and energy balances for the overall process including 
equilibrium reactors and recycle streams.
The simulations performed and reported in this chapter involved three case 
studies: (1) the conventional SMR process and the alternate SMR process using (2) 
direct and, (3) indirect heating for acceptor regeneration.
Conventional SMR process simulation employed a reforming unit, two shift 
reactors and an amine CO2 separation section. The direct heating alternate process 
used dolomite as a solid CO2  acceptor and a reforming catalyst in the primary 
reactor where the reforming, shift, and carbonation reactions occurred 
simultaneously. Calcination of the solid acceptor occurred in a regenerator unit 
heated by burning compressed air and supplemental fuel. The indirect heating 
alternate process employed the same primary reactor but regeneration occurred in a 
pure CO2 atmosphere previously heated in a furnace to provide energy for 
calcination. A portion of the CO2 was separated as a sequestration-ready product 
and the remainder recycled back to the furnace. Summaries of these simulations are 
presented in the following sections of this chapter, while detailed simulation results 
are presented in the Appendix.
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4.1 The Aspen Plus® and Provision® Process Simulators
Aspen Plus® and Provision® are software packages for the simulation and 
optimization o f steady state processes. Simulation begins with the creation o f the 
flowsheet containing all the unit operations associated with the process, including 
mixers and splitters, separators, heat exchangers, columns, reactors, pumps, 
compressors, and turbines.
Feed stream specifications and unit operations parameters such as 
temperature, pressure, flowrate and composition, and when applicable, the 
important chemical reactions are introduced into the simulator-input datasheets. 
Another important specification is the thermodynamic system to be employed. Both 
simulators include a comprehensive databank o f properties o f organic and inorganic 
liquids and vapors. Unit operations, material streams, and thermodynamic systems 
involving solids are only available using Aspen Plus®.
Execution o f  the program and review of results are the final steps in the 
simulation. The program provides a so-called “control panel” that describes any 
abnormal procedures or errors generated during execution o f the simulation.
4.2 Simulation of the Conventional SMR Process
The conventional SMR process described in Figure 1.1 of Chapter 1 
involved a reformer reactor, two shift reactors, and a CO2 purification section that 
used an amine scrubber and steam stripper.
Simulation o f  the conventional process was accomplished through the Aspen 
Plus® simulator, with the exception of the CO2 purification section; CO2 separation 
was simulated using the Provision® simulator, which provides an application library
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program o f  gas sweetening with amines based on data from operating plants and 
design specifications presented in reviews from Kent and Eisenberg (1976), 
Maddox et al. (1981), and Ball and Veldman (1991).
Material and energy balances were based on 1 mol o f process methane (not 
including supplemental fuel) and 4 mols o f steam making a S/C ratio o f 4. All 
reactor product compositions were based on thermodynamic equilibrium 
calculations (Gibbs reactor). The operating temperature and pressure were fixed at 
typical values found in the literature (Kirk-Othmer, 1999). The reformer operated at 
850 °C and 15 atmospheres. The high temperature shift reactor operated 
adiabatically with a feed temperature o f 366 °C and an exit temperature o f 420 °C, 
while feed to the adiabatic low temperature shift reactor was at 229 °C and product 
was at 250 °C. Excess water was removed and the product gas sent to the CO2 
purification unit. CO2 removal was achieved by scrubbing with an aqueous solution 
o f 15 (mol) % o f monoethanolamine (MEA).
The pressure of the CCVrich amine solution from the scrubber was reduced 
to 1 atm and CO2  was removed by steam stripping at about 1 0 0  °C. Regenerated 
amine was recycled to the scrubber through a pump with “make-up” amine and 
water added to replace losses in the Kfe and CO2 products. The product hydrogen gas 
exited from top o f the CO2  scrubber.
In order to provide the energy required to maintain the reformer temperature, 
0.51 mols o f supplemental methane fiiel were burned with 10% excess air in the 
reformer furnace. About 0.77 mols o f export super-heated steam were generated as a 
by-product by heat exchange with the off-gases from the reformer.
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Table 4.1 summarizes the results o f the conventional process including feed 
and exit compositions o f the reformer, high and low temperature shift product and 
final hydrogen product gas from the scrubber unit. The bottom section o f  the table 
summarizes the overall process inputs and outputs.
Reformer feed consisted o f 4 mols o f steam and 1 mol o f  methane at 519°C 
and 15 atm. Reforming produces 3.21 mols o f  hydrogen representing 76.2% Efe (dry 
basis) with a methane conversion o f 94%. The product of the reformer was cooled 
and passed through a high-temperature water-gas shift (HTS) reactor that produced 
a product gas containing 3.61 mols o f  hydrogen at a concentration o f 78.9% (dry 
basis). Further reaction in the low-temperature water-gas shift reactor (LTS) 
resulted in a further increase in hydrogen content to 3.74 mols and a concentration 
of 78.3% (dry-basis). This gas was sent to an amine-scrubbing unit where the final 
hydrogen product gas contained 3.72 mols o f hydrogen at a concentration o f 97.9%. 
(wet basis). Drying o f this gas will produce a final product gas containing 98.4% H2 . 
This product can be fed to a methanator unit if desired to reduce the CO and CO2 
concentrations to ppm levels required for some industrial applications. Major 
impurities in the product gas consist o f 1.6% methane, 0.5% water with trace 
quantities o f  MEA, CO and CO2 .
Table 4.1 also summarizes major overall process input and output streams. 
Inputs to the process consisted in 1 kmol/h o f process methane, 0.51 kmol/h of fuel 
methane burned with 10% excess air to provide heat to the reformer, and 4.77 
kmol/h o f boiler feed water, o f which 4 kmol/h were combined with process
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Table 4.1 Simulation Results o f Main Steps in the Conventional SMR Process
NAME Reformer Feed Reformer Product HTS Product LTS Product H2 Product Gas
Gas
components
Kmol/h Mol
Frac
kmol/h Mol
Fraction
kmol/h Mol
Fraction
kmol/h Mol
Fraction
kmol/h Mol
Fraction
wet wet dry wet dry wet dry wet dry
CO 0.000 0.000 0.547 0.079 0.130 0.148 0.022 0.032 0.020 0.003 0.004 0.000 0.000 0.000
C02 0.000 0.000 0.392 0.057 0.093 0.791 0.115 0.172 0.919 0.134 0.194 0.000 0.000 0.000
H2 0.000 0.000 3.209 0.467 0.762 3.608 0.525 0.783 3.736 0.543 0.789 3.717 0.979 0.984
H20 4.000 0.800 2.669 0.388 - 2.270 0.330 - 2.142 0.311 - 0.021 0.005 -
ch4 1.000 0.200 0.061 0.009 0.014 0.061 0.009 0.013 0.061 0.009 0.013 0.061 0.016 0.016
Overall Process
Inputs kmol/h Outputs Kmol/h
ch4
Process
1.0 Product H2 (97.85%) 3.72
ch4
Fuel
0.51 Export Steam (300°C, 15 atm) 0.77
BFW 4.77 C02 off-gas (amine plant) 0.916
C02 off-gas (regenerator) 0.51
methane to form the reformer feed and 0.77 kmol/h were used to generate export 
superheated steam.
Major outputs o f the conventional process consisted o f the product gas 
containing 3.72 kmol/h o f H2  with a concentration o f 97.9%, and 0.77 kmol/h of 
export superheated steam at 15 atm and 300°C. CO2 discharge consisted in 0.912 
kmol/h from the stripping tower o f  the amine plant and 0.51 kmol/h in the stack gas 
of the reforming furnace.
Overall simulation results o f  the conventional process were consistent with 
actual operating conditions reported in the literature. For example, Gary and 
Handwerk (1994) reported a molar ratio o f  feed gas to hydrogen product of 0.26, 
while results from simulation produced a ratio of 0.268. Also Hiroshi (1977) 
reported a product gas of 97% H 2  with a ratio of ft3 (STP) H2/MMBTU fuel of 
8959.5. The corresponding value for the simulation of the conventional process is
9388.4 ft3 (STP) H2/MMBTU.
Complete simulation results showing a more detailed diagram, all streams 
and equipment operating conditions as well as detailed material and energy balances 
are presented in Appendix A.
4.3 Simulation of the Alternate SMR Process with Acceptor Regeneration
by Direct Heating
The alternate SMR process with acceptor regeneration by direct heating 
(APDH) was simulated according to Figure 1.2 described in Chapter 1. Complete 
simulation o f the alternate process was accomplished using the Aspen Plus® 
simulator, which possesses the unique capability to handle solid streams.
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Table 4.2 summarizes simulation results o f the main steps in the alternate 
process including both gas and solid feed and exit compositions o f  the primary 
reactor and regenerator, the final hydrogen product (after methanation) and all major 
input and output streams o f the overall process.
Gas feed to the primary reactor consisted o f 4 kmol/h of steam and 1 kmol/h 
o f methane, the same S/C ratio as used in the simulation o f the conventional 
process. Solid acceptor consisted in 1.75 kmol/h o f calcined dolomite (1.75 mol 
CaO and 1.75 mol MgO), which represents 75% excess CaO needed for complete 
CO2 carbonation. This quantity o f solid acceptor was required to provide the 
necessary heat to the primary reactor to make the combined reforming, shift, and 
carbonation reactions thermally neutral so that no supplemental fuel was required. 
Catalyst consisted o f 0.173 kmol/h o f NiO and 0.425 kmol/h o f A I 2 O 3  (23% wt 
Ni0 /Al2 0 3 ). Complete reduction of NiO (0.173 mols) to Ni occurred in the primary 
reactor. CaO reacted with CO2 to produce 0.877 mols o f CaC0 3  along with 0.876 
mols o f unreacted CaO, 1.75 mols o f MgO and 0.425 mols of AI2O3 . The primary 
reactor gas product contained 96.5% H2  (dry basis) with a methane conversion of 
88.5%. Major impurities consisted o f 3.3% methane (dry basis) with the reminder 
being CO and CO2 . The spent solid acceptor and catalyst were separated from the 
product gas through a cyclone and sent to the regenerator. Calcium carbonate 
formed in the primary reactor was decomposed in the regenerator at 15 atm and 
972°C with the required energy supplied by burning 0.387 mols o f methane with 
1 0 % excess air.
62
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
Table 4.2. Simulation Results o f Main Steps in the Alternate SMR Process with Acceptor Regeneration by Direct Heating
Stream Primary Reactor 
Feed
Primary Reactor 
Product
Regenerator
Feed
Regenerator
Product
kmol/hr Mol Frac. kmol/hr Mol Frac. kmol/hr Mol Frac. kmol/hr Mol Frac.
Gas Components Wet dry wet
CH« 1.000 0.200 0.115 0.033 0.387 0.079 0.000 0.000
H20 4.000 0.800 2.407 - 0.000 0.000 0.774 0.136
CO 0.000 0.000 0.003 0.001 0.000 0.000 0.000 0.000
CO2 0.000 0.000 0.004 0.001 0.000 0.000 1.264 0.222
h2 0.000 0.000 3.363 0.965 0.000 0.000 0.000 0.000
0* 0.000 0.000 0.000 0.000 0.947 0.193 0.086 0.015
n2 0.000 0.000 0.000 0.000 3.561 0.728 3.661 0.626
Solid Components Kmol/hr Mol Frac. kmol/hr Mol Frac. kmol/hr Mol Frac. kmol/hr Mol Frac.
CaO 1.760 0.427 0.873 0.213 0.873 0.213 1.760 0.427
CaCOj 0.000 0.000 0.877 0.214 0.877 0.214 0.000 0.000
MqO 1.760 0.427 1.760 0.427 1.760 0.427 1.760 0.427
AIjO, 0.426 0.104 0.425 0.104 0.425 0.104 0.426 0.104
Ni 0.000 0.000 0.173 0.042 0.173 0.042 0.000 0.000
NiO 0.173 0.042 0.000 0.000 0.000 0.000 0.173 0.042
Stream Final H2 Product Gas 
(After Methanation) Overall Process
kmol/hr Mol Fraction INPUTS kmol/h OUTPUTS kmol/h
Gas Components Wet dry CH4 P rocess 1.000 P rod u cts (96.2%) 3.336
CH4 0.123 0.035 0.035 CH4 Fuel 0.387 COj off-gas Reg. 1.264
HiO 0.007 0.002 • BFW 4.000 Export Power kW/h 6.710
CO 0.000 0.000 0.000
COj 0.000 0.000 0.000
h2 3.336 0.962 0.965
Solid products from the regenerator consisted o f 1.75 kmol/h o f calcined 
dolomite (1.75 mols CaO/ 1.75 mols MgO), 0.173 kmol/h o f  NiO and 0.425 kmol/h 
of AI2O3. The Ni was oxidized to NiO by the excess oxygen in the regenerator. 
These solids were recycled to the primary reactor
High-pressure off-gas from the regenerator was passed through an expansion 
turbine where sufficient energy was recovered (24.28 kW) to drive the air 
compressor and provide 6.7 kW o f export power per mol o f  CH4  fed. This off-gas 
was further used to preheat the steam and methane feed to the primary reactor.
Product gas from the primary reactor was cooled to  about 400°C and fed to 
an adiabatic methanation reactor where CO and CO2 reacted with H2  to form CH4 
and H2 O through the reverse reforming reactions. Water was then condensed to 
form the final gas product containing 96.2% H2 , 3.5% CH 4 and trace amounts of 
H2O, CO and CO2 -
Inputs to the process consisted of 1 kmol/h o f process methane used to 
produce hydrogen, 0.387 kmol/h o f fuel methane burned with 10% excess air in the 
regenerator, and 4 kmol/h o f boiler feed water used to generate steam that was then 
combined with process methane to form the reforming gas feed.
Outputs o f the alternate process consisted o f a product gas containing 3.34 
kmol/h o f hydrogen with a purity o f 96.2%, and 6.71 kW/h o f export power 
generated by the regenerator off-gas. 1.264 kmol/h of CO2  was discharged in the 
combustion gases from the regenerator.
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Complete simulation results showing a more detailed diagram, all streams 
and equipment operating conditions as well as detailed material and energy balances 
are presented in Appendix A
4.4 Simulation of the Alternate Process with Production of Pure CO2
The possibility o f  producing pure CO2 off-gas for greenhouse gas emission 
control was also explored using the alternate process. The process is almost the 
same as the alternate process described above except for the regeneration step.
Figure 4.1 presents a simplified diagram o f the alternate process with 
production o f pure CO2  (or alternate process with indirect heating (APIH)). The 
required heat for regeneration o f the solid acceptor was supplied by indirect heating 
of CO2 , which also served as the carrier to remove CO2 from the reactor. The 
quantity o f the CO2  produced by acceptor decomposition was separated to form the 
pure CO2  product gas, while the remaining CO2  was recompressed, sent to a furnace 
to be heated, and recycled to the regenerator. In this case the CO2  partial pressure 
was equal to the total regenerator pressure and a  temperature of 972°C at 3 atm was 
needed to insure complete calcination of CaCC>3 . The lower pressure was necessary 
in this simulation since regeneration at 15 atm in pure CO2 would require a 
temperature o f almost 1400°C. Table 4.3 summarizes the simulation results o f  this 
case including the primary reactor feed and products, regenerator feed and product, 
C 02 product and final hydrogen product gas after methanation.
The combined reforming, shift and CO2  removal reactions occurred in the 
primary reactor. The S/C ratio o f 4 in the feed to the primary reactor was the same 
as in the previous simulations. The primary reactor operated at 3 atm and 650 °C
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Table 4.3 Overall Results of the Alternate SMR Process with CO2 Production
Stream Primary Reactor 
Feed
Primary Reactor 
Product
Regenerator
Feed
Regenerator
Product
kmol/h Mol Frac kmol/h Mol Frac. kmol/h Mol Frac. kmol/h Mol Frac.
Gas Components wet dry
ch4 1.000 0.200 0.047 0.012 0.000 0.000 0.000 0.000
h2o 4.000 0.800 2.114 - 0.000 0.000 0.000 0.000
CO 0.000 0.000 0.020 0.005 0.000 0.000 0.000 0.000
C02 0.000 0.000 0.023 0.006 10.000 1.000 10.911 1.000
h2 0.000 0.000 3.793 0.977 0.000 0.000 0.000 0.000
Solid Components kmol/h Mol Frac. kmol/h Mol Frac. kmol/h Mol Frac. kmol/h Mol Frac.
CaO 1.200 0.427 0.289 0.103 0.289 0.103 1.200 0.427
CaC03 0.000 0.000 0.911 0.324 0.911 0.324 0.000 0.000
MgO 1.200 0.427 1.200 0.427 1.200 0.427 1.200 0.427
ai2o3 0.291 0.104 0.291 0.104 0.291 0.104 0.291 0.104
Ni 0.119 0.042 0.119 0.042 0.119 0.042 0.119 0.042
Stream C02 Product 
Gas
Final H2 Product Gas 
After Methanation
Overall Process
INPUTS kmol/h
CH4 Process 1.000
kmol/h Mol Frac. CH4 Fuel 0.530 Mol Frac. CH4 Fuel 0.530
Gas Components BFW 4.000 Dry BFW 4.000
ch4 0.000 0.000 0.089 0.024 0.024
h2o 0.000 0.000 0.039 0.010 0.000 OUTPUTS kmol/h
CO 0.000 0.000 0.000 0.000 0.000 C02 Product (100%) 0.911
C02 0.911 1.000 0.000 0.000 0.000 H2 Product (96.6%) 3.643
h2 0.000 0.000 3.643 0.966 0.976 C02 in stack gas 0.530
and produced a gas containing 3.79 mols o f Efe with a concentration o f 97.7% (dry 
basis) at a methane conversion o f 95.3%. The increased hydrogen yield and methane 
conversion was due to  the lower operating pressure. Impurities consisted o f 1.2% 
(dry basis) o f methane and 1% (dry basis) o f CO plus CO2 . No supplemental fuel to 
the primary reactor was required, as the combined reforming, shift and carbonation 
reactions were thermally neutral.
Solid feed to the primary reactor consisted o f  1.2 mols o f calcined dolomite 
(1.2 mol CaO/1.2 mol MgO) and 0.410 mols o f catalyst, thus providing 20% excess 
o f the amount o f CaO needed for complete removal o f  all CO2 . The solid circulation 
rate was reduced from 1.75 mols in the previous alternate process simulation to 1.2 
mols in this simulation because energy from the CO2 regenerator product was used 
to provide additional preheat to the primary reactor feed. In the previous 15-atm 
case the regenerator gas product was used to power the gas turbine. The solid 
circulation rate was also dependent on the fact that the energy needed to calcine the 
solid acceptor was supplied by the CO2 recycle. A  larger solid circulation rate would 
require more energy to heat the solids to the regeneration temperature and 
consequently increase the fuel demand in the furnace.
Complete reduction o f  NiO (0.119 mols) to Ni occurred in the primary 
reactor. CaO reacted with CO2  to produce 0.911 mols o f CaCOs, with 0.289 mols of 
CaO, 1.2 mols o f MgO and 0.291 mols o f AI2O3
Product gas from the primary reactor was cooled to about 400°C and fed to 
an adiabatic methanation reactor where CO and CO2  reacted with H2 to form CH4 
and H2O through the reverse reforming reactions. This product gas was further
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cooled to remove water. The final gas-product contained 96.6% H2 with impurities 
o f 2.4% CH4, 1% H 2 O and trace amounts o f CO and CO2 . Drying this product 
would produce a product gas of 97.6% H2 .
The spent solid acceptor and catalyst were separated from the exit gas o f the 
primary reactor and sent to the regenerator. Calcium carbonate formed in the 
primary reactor was decomposed at 3 atm and 972°C with the required energy 
supplied by 10 mols o f recycle CO2  from the furnace. Solid products from the 
regenerator consisted o f 1.2 mols o f calcined dolomite (1.2 mol CaO/ 1.2 mol MgO) 
and 0.41 mols catalyst in a solid mixture o f 28.9% mol o f  N1/AI2O3.
10.91 mols o f CO2 (10 mols recycle plus 0.91 mols from CaC0 3  
decomposition) from the regenerator passed through heat exchangers that preheated 
the air feed to the furnace and was later divided to provide 0.91 mols of pure CO2 
product. The remaining 10 mols o f CO2  formed the recycle which was sent to the 
furnace where it was heated to provide energy for the regeneration of the solid 
acceptor.
The furnace burned 0.53 mols of supplemental methane with 10% excess air. 
The combustion gases were used to preheat the air and methane feed to the furnace 
entrance and to generate superheated steam used in a steam cycle. The steam turbine 
generated 4.38 kW o f power used to drive the CO2  recycle compressor and a pump 
used in the steam cycle, which demanded 2.0 and 0.25 kW, respectively.
Again, a complete diagram, including equipment operating conditions and 
detailed material and energy balances, is presented in Appendix A.
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4.5 Comparison of the Three Processes for Hydrogen Production
Table 4.4 presents a summary comparison of the conventional process 
(CVP), the alternate process with direct heating (APDH) and the alternate process 
with indirect heating and production o f pure CO2  (APIH).
All simulations presented in this chapter were based on a S/C ratio o f 4 with 
1 mol o f feed methane. A primary reactor temperature of 650°C was the same for 
the two alternate processes (APDH and APIH), while the conventional process 
reformer operated at 850°C. The conventional process used amine scrubbing for 
CO2 removal. The operating pressure in the APIH process was reduced to 3 atm to 
permit acceptor regeneration at a reasonable temperature, while the operating 
pressure o f  the CVP and AP processes was 15 atm.
Supplemental fuel for the CVP and the APIH processes were similar with 
0.510 and 0.530, respectively, mols o f methane fuel required. Fuel for the APDH 
process was about 23% less with only 0.38 mols o f methane. CVP employed five- 
major process vessels (reformer, HTS, LTS, scrubber and stripper) compared to two 
in the APDH (primary reactor and regenerator) and three in the APIH process 
(primary reactor, regenerator and furnace).
Byproduct credit for the CVP consisted o f 0.77 kmol/hr o f 15 atm and 300°C 
o f superheated steam. The APDH process produced a similar byproduct credit o f 
6.72 kW o f power while the APIH process produced 0.91 kmol/hr o f pure 
sequestration-ready CO2 . The total carbon input to the process, which is a 
combination o f methane feed and supplemental fuel, will ultimately be transformed
70
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Table 4.4. Simulation Results Comparison of Three Process Simulations
Basis: 1 Kmol of Process CH4
PROCESS CVP* APDH* APIH*
S/C Ratio 4/1 4/1 4/1
Maximum Temperature Reformer 
850 °C
Primary Reactor 
650 °C 
Regenerator 
972 °C
Primary Reactor 
650 °C 
Regenerator 
972 °C
Operating Pressure, atm 15 15 3
Fuel Methane (kmol) 0.51 0.39 0.530
Major Process Vessels 5 2 3
By-Product Credit
0.77 kmol, 15 
atm, 300°C 
Superheated 
Steam
6.72 kW 0.911 kmol
(100% co2)
Hydrogen Purity, % mol 
(dry basis)
98.4 96.5 97.6
Hydrogen Product Rate 
Kmol Hz/Kmol CH4 Fed
3.72 3.34 3.64
Final C02 Emission 
to the Atmosphere 
Kmol
1.51 1.387 0.62
*CVP Conventional Process
APDH Alternate Process with Direct Heating
APDIH Alternate Process with Indirect Heating
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to CO2 and vented to the atmosphere in the CVP and APDH processes. This carbon 
input for these processes is 1.51 and 1.39 mols, respectively. On the other hand in 
the APIH process 0.91 mols o f  CO2 o f a total carbon input o f  1.53 mols are captured 
for sequestration. This represents a reduction of 55.3% in CO2 emission compared 
to APDH process that is achieved with an increase o f 9.3% in total CH4 
consumption. Similarly, the APIH process achieves a CO2 emission reduction of 
58.9% when compared to the CVP process, with an increase o f  only 1.30% in fuel 
consumption. Therefore, there is a  trade-off when comparing the APIH process with 
the CVP and APDH processes that consists of exchanging a reduction in an 
environmental problem with an increase in fuel demand. Finally the APDH, in 
comparison to the CVP process results in a reduction o f 24.1% in fuel consumption 
and a reduction o f 8 . 1 % in CO2 emission.
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CHAPTER 5
EXPERIMENTAL APPARATUS, PROCEDURE AND MATERIALS
This chapter describes the experimental apparatus, procedures and materials
used in the reaction phases of this research. The material is presented in the 
following sections: the fixed bed reactor system, the gas analysis chromatography 
system, catalyst and acceptor materials, experimental procedure with typical results, 
the dolomite pretreatment unit, the X-ray diffraction system and the 
thermogravimetric analyzer system (TGA).
5.1 The Fixed-Bed Reactor System
Figure 5.1 shows the reactor system employed in this experimental study. 
The gas feed components such as nitrogen, methane and CO2 were obtained from 
high purity gas cylinders provided by Matheson. Flow rates were controlled using 
Porter Instruments Model 201 high-pressure mass flow controllers, which were 
factory-calibrated over the desired flow rate range. All feed lines were of 1/8" 
stainless steel tubing. A dryer packed with silica gel to absorb any traces o f moisture 
from the feed gas and a Matheson model 6183 filter to prevent entry o f  any solid 
contaminants were included upstream o f the mass flow controllers. Parker check 
valves were placed after the mass flow controllers in order to prevent any back flow 
due to possible pressure changes during the course of the experiment and during 
shutdown. All connections were made o f 316 stainless steel. Liquid water was fed 
using a Harvard Apparatus Model 909 high-pressure syringe pump. The feed lines 
were heat-traced as shown in Figure 5.1 using Cole-Parmer heating tapes to insure 
vaporization o f  water as it mixed with feed gases. All feed lines were insulated to 
prevent condensation of water vapor, particularly around the reactor coupling area.
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Figure 5.1 Experimental Apparatus
A Parker pressure relief valve was installed in a side stream near the inlet o f the 
fixed-bed reactor to protect the system against excessive pressure.
Combined feed gas containing methane, steam and nitrogen entered near the 
bottom o f  the reactor and was preheated as it flowed upward in the annular space 
between the reactor insert and the pressure vessel, then flowed downward over the 
sorbent consisting o f a mixture o f reforming catalyst and previously calcined 
dolomite, and exited from the bottom o f  the reactor. Product gases passed through 
an ice bath condenser where excess steam was removed, and a Tescom Series 26- 
2300 backpressure regulator that reduced the pressure to 1 atm. The dry product gas 
was then sent for analysis to the gas chromatography system via an automatic 
sampling valve. Matheson Model 2242 pressure indicators were installed both 
upstream and downstream o f the reactor to monitor the system pressure.
Han (1995) designed the reactor used in this study for research on the 
simultaneous water-gas shift reaction and carbon dioxide separation for hydrogen 
production from synthesis gas. The reactor is shown in Figure 5.2 and consists of 
two main parts: the pressure vessel and the reactor insert, both made o f  316 stainless 
steel. Two o-rings near the bottom o f the reactor maintained the pressure in the 
reactor, as shown in Figure 5.2. Silicone o-rings capable o f  withstanding 
temperatures to 260°C under steam were used. The reactor has a capacity o f about 
30 g o f  solids and a maximum temperature limit of 1000°C and a pressure limit of 
300 psig (21 atm), not simultaneously. The mass flow controllers establish a 
maximum flow o f 160 seem for methane and 1000 seem for N2 . The capacity o f the 
H2 O syringe is 50 ml and the S/C ratio and flow rates were balanced so that
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Figure 5.2. The Fixed-Bed Reactor
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sufficient data for proper evaluation were attained without exceeding the syringe 
capacity.
Reactor packing consisted o f a mixture o f previously calcined dolomite and 
commercial reforming catalyst in a weight ratio of 3/1. Two different dolomites 
described later were studied. A  porous stainless steel disc supported the packed bed 
and a layer o f quartz wool was inserted between the porous disc and the packing to 
avoid loss o f small solid particles through the stainless disc.
The reactor temperature was maintained and controlled by an Applied Test 
Systems Series 3210 single zone split-tube furnace which had a temperature 
controller Model 2010 and a CFE limit controller Model 2040. The limit controller 
shuts down the furnace in the event the temperature exceeds 1000°C. The 
temperature controller has a programming capacity o f up to 8  ramp-and-soak 
intervals and up to 254 cycles.
5.2 The Gas Chromatography System
Product gas composition was determined using a Shimadzu Model GC-14A 
gas chromatograph equipped with an automatic ten-port sampling valve, dual 
columns, methanizer, and thermal conductivity (TCD) and flame ionization (FID) 
detectors. UHP nitrogen was chosen as the carrier gas. Separation of the five 
permanent gas products (H2 , CO, CH4 , CO2 and N2) was performed in a Carboxen 
1000 column. A HayeSep-N column retained any moisture that might escape the 
condenser, and allowed the dry gases to flow to the Carboxen 1000 column.
A schematic representation o f the analytical system is shown in Figure 5.3. 
A Valeo Instruments automatic ten-port pneumatic valve sampled gas product every
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Figure 5.3. GC Method o f Operation
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12 minutes. Two positions of the sampling valve are shown in Figure 5.3, position 
A, known as LOAD, and position B, known as INJECTION. In Position A, reactor 
product gas flowed into the sampling valve, through the sample loop, which 
consisted o f 1/8" Teflon tubing with an internal volume of approximately 0.5 cm3, 
back in the sampling valve, and to vent. Carrier gas CGI flowed through the 
sampling valve to the HayeSepN column, back to the ten-port valve, and then to 
vent. At the same time, carrier gas CG2 was directed through the ten-port valve to 
the Carboxen 1000 column and then through the TCD, methanizer and FID to the 
vent. In position B, the product gas to be analyzed was swept from the sample loop 
by CGI and first directed to the HayeSepN column where trace quantities o f 
moisture were retained. The dry product gas was then directed to the Carboxen 
column.
Component separation occurred in this column and the separated 
components were sent to the TCD, which was used to detect H2 and CO2 . The more 
sensitive FID was used for analysis o f CO and CH4. Before FID analysis, the TCD 
effluent was directed to a Ni-catalyzed methanizer where CO and CO2  were 
converted to CH4, which was then analyzed by the FID. Excess quantities o f  UHP 
hydrogen were fed to the methanizer to ensure sufficient hydrogen to react with CO 
and CO2 and to maintain a stable flame in the FID, which followed the methanizer. 
Air and hydrogen at a ratio of at least 10:1 were needed for the FID.
After the permanent gases were eluted from the Carboxen column, the 
sampling valve switched back to position A and the HayeSepN column was back- 
flushed with CGI to prevent any build-up o f water.
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Shimadzu Class-VP Version 4.2 software was used for data acquisition. 
Operating conditions and valve timing were obtained by trial-and-error. The product 
gas was automatically sampled every twelve minutes since six minutes were needed 
for complete separation o f all the components and six minutes to back-flush the 
HayeSepN column.
Table 5.1 shows the GC operating conditions, with the compositions o f the 
gases used for calibration presented in Table 5.2. Three standard gas mixtures from 
Quality Gas Inc. (numbers 1, 2 and 3), UHP hydrogen (number 4), methane (number 
5) and CO2 (number 6) from BOC were used. Additional calibration points were 
obtained by diluting the calibration gases with mass flow controlled N2 . A typical 
chromatogram for a calibration mixture consisting o f  32.133 % H2, 3.108% CO, 
7.8949% CO2, 7.774% CH4  and balance N2 is shown in Figure 5.4. CO was only 
detected on the FID since nitrogen, the carrier gas, has a thermal conductivity very 
close to that o f CO. H2 was only detected on the TCD. The calibration constants (for 
the corresponding regression fit) relating the percent composition and the detector 
response (area counts) are shown in Table 5.3. Figure 5.5 shows the final calibration 
curves used in data acquisition. The system was recalibrated periodically during the 
experimental program, and the results shown in Table 5.3 and Figure 5.5 represent 
the final calibration.
A tracer response test was conducted to measure the time delay between the 
introduction o f  reactive gas and appearance in the reactor product. The reactor was 
loaded with a packed bed o f inert AI2O3. The response curve corresponding to the 
introduction o f  45% H2 in N2  at a total flow rate o f  500 cm3(STP)/min at 650°C and
80
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Table 5.1 GC Operating Conditions
Carrier Gas Nitrogen
Sample Loop Volume 0.5 ml (Approx.)
Columns
HayeSep N 4 ft X 1/8 in
Carboxen 1000 8 ft X 1/8 in
Column temperature 160°C
TCD temperature 63°C
FID temperature 250°C
Methanizer Temperature 380°C
Carrier Gas Flow Rate 
(CGI and CG2)
37.9 cm3/min
Table 5.2. GC Calibration Standards
Composition, mol %
Standard # CO CBU co2 h 2 n 2
1 - - 1.518 - balance
2 1.516 2.003 3.152 20.605 balance
3 3.108 7.774 7.894 32.133 balance
4 - - - 99.997 -
5 - 99.997 - - -
6 - - 99.997 - -
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Table 5.3 GC Calibration Equations
C = aA + bA2 +  dA3
Component Detector Fit Type a b d Ri2
CO FID Linear 9.52172E-7 0 0 0.999440
CO, FID Quadratic 5.387930E-7 3.711E-14 0 0.991842
C 02 TCD Cubic 8.77353E-05 1.8864E-09 2.489E-14 0.992465
h 2 TCD Quadratic 1.270E-05 6.1646E-13 0 0.998659
A = Area counts
C = mole percent
a, b, d = calibration coefficients 2
Rt = correlation coefficient
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Figure 5.5. GC Calibration Curves
15 atm is shown in Figure 5.6. After pressurizing the system to 15 atm under N2 , H2 
was added at t  = 0 minutes. The sampling interval was reduced from the normal 
sampling time o f 12 minutes to 6 minutes (3-min sampling and 3-min back flush), 
since H2  was completely eluted from the column after 3 min o f retention time. After 
6 minutes the H2  mol fraction was 0.016, approximately 3.6% o f  the 0.45 mol 
fraction in the feed. The outlet H2  concentration reached the feed value o f 0.45 mol 
fraction at around 50 minutes. The time required for the H2  concentration to reach 
90% o f the feed value, which was around 22 minutes, was defined as the time delay. 
Most o f the runs conducted in this study used 500 cm3(STP)/min feed rate.
5.3 Materials
Reactor packing consisted o f a  mixture o f a commercial reforming catalyst 
and calcined dolomite (CaO*MgO). The commercial reforming catalyst from 
United Catalysts (C l 1-9-02) was in the shape o f wagon-wheel pellets and was 
crushed to obtain tw o particle sizes o f 75<dp<150 microns and 300<dp<425 
microns used in the  runs. Catalyst as-received consisted o f NiO supported on 
alumina. Table 5.4 presents the composition and other properties o f  the reforming 
catalyst as received. Reduction tests in this laboratory performed under 10% H2/N2 
hydrogen using a TGA showed the actual NiO content to be about 18%.
For comparison purposes dolomite was obtained from two different sources 
Rockwell dolomite from Rockwell Lime Company and Stonelite dolomite from 
Redland Ohio Inc. Table 5.5 shows compositions and other properties o f the 
dolomites as supplied by the companies.
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Table 5.4. Properties o f  Reforming Catalyst as Received
Catalyst Type United Catalyst Inc., CI1-9-02
Catalyst Form Rings
Catalyst Size 5/8” x 5/8” x 1/4”
Chemical Composition Weight %
Ni 12 ± 1 .5
AI2O3 8 0 -8 6
S i0 2 <0.05
C <0 .1 0
Na <0.15
Sulfur <0.05
Chlorides <0 .0 2
Other Alkali Metals <0.05
Other Heavy Metals <0 .1 0
LOI to Constant Weight at 1000°F <1 .0
Physical Properties
Bulk Density, lbs/ft3 80 ± 5
Surface Area, m2/g 3-10
Pore Volume, cc/g >29.2 A 0 .1 0 -0 . 2 0
Fusion Point, °F >3000
Particle Size:
Diameter Range 0.594-0.656”
Height Range 0.563-0.688”
Hole Diameter Range 0.220-0.250”
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Table 5.5 Properties o f Commercial Dolomites (as received)
DOLOMITE STONELITE ROCKWELL CaC03*MgC03
Typical Chemical Analysis Wt% Wt% Wt%
CaC03 54.23 53.78 54.28
MgC03 44.80 45.89 45.72
In Terms of an Oxide
CaO 30.28 30.62 30.42
MgO 21.28 21.52 21.86
Iron Oxide 0.069 - -
Sulfur 0.011 0.010 0.000
Loss on Ignition (CO2) 47.94 47.53 47.72
Moisture 0.05 0.320 0.000
Typical Screen Analysis
dp<-200 Microns 0.0 0.0 -
200<dp<595 Microns 93.7 -
dp>500 Microns 6.30 -
Bulk Density (68.2 lbs./ft3) 1092 Kg/m* 1092 Kg/m3 -
5.4 Experimental Procedure and Reactor Response
In the initial phase o f this study dolomite was calcined in a quartz boat inside 
a tube furnace at 750°C and 1 atm under flowing nitrogen for about 4 hours. 
Complete calcination was confirmed by comparing the initial weight o f CaCCb* 
MgC0 3  and the calcined product CaO*MgO. Two particle sizes o f CaO*MgO and 
reforming catalyst were used in the experiments, large particles in the range of 
300<dp<425 microns and small particles in the range o f 75<dp<150 microns. The 
calcined dolomite was mixed with the commercial reforming catalyst, which had 
been crushed and sieved to the proper particle size, in a weight ratio o f 3/1. The 
mixture o f the reforming catalyst and calcined dolomite, which appeared as a fine 
gray powder, was added to the reactor insert and supported by a stainless steel 
porous disc and a layer o f quartz wool. The reactor insert was then coupled to the 
pressure vessel. O-ring seals were used to maintain the reactor pressure.
After connecting all the feed lines, N2 was fed at 500 cm3(STP)/min and the 
system was pressurized to 15 atm. Snoop® leak detector was used to check for leaks 
at all connections, especially near the bottom of the reactor. When no leak was 
detected, all feed lines were heated to a temperature above the saturation 
temperature o f steam at 15 atm. The furnace was switched on and the reactor was 
heated at a rate o f approximately 8°C/minute to the desired isothermal reaction 
temperature. After the furnace and the feed line temperatures were steady, reactive 
CH4 and steam were fed to the reactor and the flow rates adjusted to the desired 
value. GC data acquisition was started the instant the reactive gases were fed to the 
reactor. Product gas was passed through a condenser where excess water was
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removed and sent to the GC sampling valve where a sample was taken every 12 
minutes. Chromatograph area counts o f each component were transformed to mol 
fraction compositions using the calibration equations from Table 5.3 and carbon and 
hydrogen material balances were computed. Material balance closure from the raw 
chromatographic data was generally within ±5%. The raw data were then 
normalized to close the material balance and all compositions reported in this 
dissertation are based on normalized results. Sorbent fractional conversion was 
calculated by numerically integrating the difference between carbon in the CH4  fed 
and total carbon in the gas product and divided by initial mols o f CaO loaded with 
the dolomite in the reactor.
The typical reactor response for a feed gas containing 12% CH4 , 48% H20  
and 40% N2  at a total feed rate o f 500 cm3(STP)/min, at 650°C and 15 atm is shown 
in Figure 5.7. Dry basis concentrations o f reaction products as a function o f time are 
shown by discrete points and solid horizontal lines represent equilibrium mol 
percent o f  the species as calculated by HSC Chemistry. The figure is divided into 
four regions indicated by vertical dashed lines. The first region is the unsteady-state 
start-up period. Two factors are responsible for this behavior. First, the system has a 
time delay as discussed in section 5.2. In addition, the reforming catalyst was used 
as received with no pre-reduction o f  NiO to active Ni. Reduction occurred during 
the start-up period. In the second region, called prebreakthrough, the reforming, 
water-gas shift, and C 0 2  removal reactions occurred simultaneously. H2 
concentration was maximum and CO, CH4  and C 0 2 concentrations were minimum. 
Simultaneous reaction equilibrium was closely approached, as the experimental H2
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content of 50.88% was almost equal to the equilibrium value o f 50.98%. During this 
period the fractional CHU conversion was 0.89, and the H 2  yield o f 3.57 mol o f  H2  
per mol o f CH4 fed was 89% o f the stoichiometric maximum yield o f  4.0. The third 
region, breakthrough, began after 72 minutes when the CaO-CC>2 reaction front 
reached the exit o f the packed bed. This corresponded to a sorbent conversion of 
about 47%. The gradual decrease in H2 content was accompanied by an increase in 
CH4, CO, and CO2 , as the acceptor became less effective in removing CO2 . After 
132 minutes the breakthrough period ended resulting in a steady-state H 2 content o f 
about 32.8%, called postbreakthrough. During breakthrough the sorbent conversion 
increased from 47% to 81%, and a further minor increase to 83% occurred in the 
postbreakthrough period. During the postbreakthrough period CO2 removal was 
negligible. Only the reforming and shift reactions occurred and the product gas 
concentrations approached a new equilibrium. The difference in H2  concentration 
between the prebreakthrough and postbreakthrough regions is attributed to the CO2 
acceptor. Prebreakthrough produced a product gas with 50.88% H2 (dry basis) while 
the postbreakthrough concentration was reduced to 32.7%, a  35% decrease.
At the end o f the run (180-min) the CH4  flow was stopped. The water supply 
from the syringe pump was maintained for additional time to ensure that residual 
CH4  would not decompose to carbon over the catalyst. After about 20 minutes the 
water supply was stopped and the reactor purged with N2 to displace water vapor 
from the reactor. The pressure was then slowly reduced after another 20 to 30 
minutes before the furnace power supply and the power to the heating tapes were 
turned off. The average time span for a run was about four hours.
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Liquid water was drained from the condenser and volume was measured for 
material balance checks.
5.5 Dolomite Pretreatment
Preliminary tests using several low-cost commercial dolomites were 
unsuccessful. The hydrogen content o f  the reactor product gas increased initially as 
expected and then gradually decreased throughout the test. Trace quantities of 
sulfate present in the as-received dolomite were the cause o f the problem. Sulfur 
released from the dolomite during reaction poisoned the nickel reforming catalyst. 
A dolomite pretreatment step to remove sulfur was developed to solve this problem.
Pretreatment was conducted in a system that resembled the experimental 
reaction apparatus, as shown in Figure 5.8. The pretreatment reactor consisted o f a 
single stainless steel tube holding about 90g o f raw dolomite supported on a porous 
disk and quartz wool. Pretreatment consisted o f  exposing the dolomite to a mixture 
o f 40% H2/N2 at 900°C for 6 hours followed by a mixture o f 40% H2O/N2 at 900°C 
and 1 atm for another six hours at a total flowrate of 500 cm3(STP)/min. In the first 
step, small quantities of sulfates (CaS0 4 /MgS0 4 ) present in the dolomite were 
reduced with H 2  to their sulfide forms (CaS/MgS) according to
CaS04 IMgS04 0 )  +8H2 (g) o  CaS /MgSQs) + 8H20(g) (4)
In the second step, the sulfides reacted with H2 O to liberate H2S and form oxides
CaS / M gS(s)+2H 20 (g )  o  CaO !MgO{s) +2 H2S(g) (5)
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Hydrogen concentration as a  function o f time using commercial dolomite 
with and without pretreatment is compared in Figure 5.9. Feed gas consisted of 6% 
CH4 , 24% H2 O and balance N2 at a flowrate o f 500 cm3(STP)/min at 650°C and 15 
atm. Without pretreatment, the H2  content peaked at about 22% after 35 minutes and 
then decreased for the remainder o f the test. No steady-state period was reached and 
both the maximum and final H2 concentrations were below the equilibrium lines. 
The experimental H2  concentration following pretreatment was as expected. The H2  
content reached an initial steady state o f about 24.5%, consistent with the combined 
reaction equilibrium (designated in the figure by the upper horizontal dashed line), 
and remained at that level for about 200 minutes. Thereafter, the H2  concentration 
decreased to a second steady state at about 16%, as the CO2 acceptor became 
depleted, and remained at that level until the test was terminated. The second steady 
state was consistent with the combined reforming and shift equilibrium, which is 
designated in the figure by the lower horizontal, dashed line.
5.6 The X-ray Diffraction System
X-ray diffraction patterns were obtained for identification, characterization 
and line broadening analysis (discussed in the next Chapter) o f the solid reactants 
and products (catalyst and dolomite) used in the experimental study. A Scintag X- 
ray diffractometer with a CuKa source was used. This produces x-rays with a 
wavelength o f  1.54 A. The machine was set to operate at 45 kV and 35 mA, over a 
2 0  range o f 2° to 95° with a step size o f 0.02 degrees. The scan rate was set at 1 
degree per minute. The raw diffraction pattern was corrected by background 
subtraction and finally smoothing o f the data reduced statistical fluctuations.
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350
Identification o f  the samples was accomplished using the diffraction 
management system (DMS), which is a software accompanying the diffractometer, 
that searches a comprehensive library o f compounds that can be present in the 
sample. Experimental diffraction pattern results were also compared with the 
standards found in the powder diffraction file (PFD) o f the Joint Committee on 
Powder Diffraction Standards (JCPDS).
5.7 Therm ogravim etric Analyzer (TGA) System
A Cahn Instruments Inc. model 2000 TGA was used for characterization o f  
the reforming catalyst and dolomite. The TGA monitors reaction progress by 
recording the weight change o f a reacting solid. The TGA system is composed o f a 
gas flow system, a Cahn 2000 electrobalance, a MicRIcon temperature programmer, 
and a Bascom-Tumer 113-DC Data Center with a strip chart recorder. The sample 
weight was measured by the electrobalance, while the temperature programmer 
allowed either isothermal operation or a linearly increasing (or decreasing) 
temperature profile. The data center recorder provided simultaneous recording o f 
temperature and weight. Figure 5.10 shows a schematic o f the TGA system.
All gases were obtained from high purity cylinders and flows were regulated 
by needle valves using calibrated rotameters. Inert gas was added through the upper 
flow path to blanket the balance mechanism and prevent corrosive gases from 
reaching the mechanism. Additional inert plus reactive gases were premixed and 
entered the reactor through the sidearm o f the hangdown tube. The combined gases 
flowed downward past the solid held in the sample pan. Gases exited from the 
bottom o f the reactor tube and were vented through a laboratory hood. The
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hangdown wire and sample pan used were made o f platinum. Reaction temperature 
was monitored using a chromel-alumel thermocouple positioned approximately 1/4 
inch below the sample-pan. The thermocouple signal was transmitted to the 
MicRIcon temperature programmer/controller, and to the Bascom-Tumer Data 
System 113-DC where the signal was stored on diskette and/or plotted on an x-y 
plotter. A  limit switch in the MicRIcon controller was available to shut down the 
furnace to prevent overheating.
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CHAPTER 6 
SINGLE-CYCLE EXPERIMENTAL RESULTS
The experimental program using single-cycle tests was designed to answer
key questions regarding the nature o f  the SMR reaction using an inexpensive 
dolomite acceptor and to confirm previous results o f  Balasubramanian et al. (1999) 
using reagent grade CaCC>3 as the acceptor precursor. Single cycle tests used 
previously pretreated (calcined and desulfurized) dolomite (CaO*MgO) as 
described in Chapter 5, Section 5.5. Reaction produced half-calcined dolomite 
(CaC0 3 *M g0) through the combination o f  the reforming, shift, and carbonation 
reactions. Section 5.4 described the reactor response for a typical single-cycle run. It 
is important to reiterate the criteria used to establish the start and end o f  
breakthrough. The start o f breakthrough was defined as the time where the H2 
concentration decreased to a value of 2% below the equilibrium H2 concentration 
(dry basis). The end of breakthrough was defined as the time where the H2 
concentration reached 2% above the postbreakthrough equilibrium H2 concentration 
(dry basis). Breakthrough time was defined as the difference between the time at the 
end and beginning o f breakthrough. It is also important is to restate the procedure 
for calculating the sorbent conversion. Sorbent conversion was calculated according 
to the material balance of the three simultaneous reactions. Mols o f CaCOs reacted 
in each sample were calculated by the difference between the mols of CH4  fed and 
the sum o f the mols of CH4, CO, and C 0 2 present in the product gas. These results 
were numerically integrated with respect to time to obtain the total mols o f  CaC0 3  
formed. This number was compared to the CaO mols in the calcined dolomite 
loaded in the reactor to obtain the sorbent conversion.
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6.1 95+% H2
One of the primary objectives o f the single cycle reaction program was to 
prove that 95+% H2  (dry basis) can be produced in a single step through the SMR 
process using a CO2 solid acceptor. The feed gas in most tests contained significant 
quantities o f N2  diluent. This provided increased experimental flexibility, and, most 
importantly, made it easier to insure complete vaporization o f the H 2 O in the feed. 
However, a commercial plant will operate without N2 diluent.
Figure 6.1 shows the reactor response for test ROCK18A using Rockwell 
dolomite to prove that production o f 95+% H2 (dry basis) can be achieved. The N2- 
free feed gas contained 20% CH4  and 80% H2O. Reaction temperature, pressure, and 
flowrate were 650°C, 15 atm, and 200 cm3(STP)/min, respectively. The packed bed 
contained 29.5g o f pretreated Rockwell dolomite with a  particle size range of 
300<dp<425 microns and 10.9g of catalyst with a particle size range o f 75<dp<150 
microns. The volumetric feed rate was decreased from 500 cm3(STP)/min used in 
most of the runs to 200 cm3(STP)/min to compensate for the larger CH4 and H2O 
feed concentrations. As a result, the initial start-up period lasted for a longer time, 
and the prebreakthrough period was shorter. Maximum hydrogen concentration 
during prebreakthrough was 95.8% H2  (dry basis); only 0.3% below the equilibrium 
value o f 96.1%. The start o f breakthrough was reached at 180 minutes and ended at 
300 minutes with a breakthrough time o f 120 minutes. This long breakthrough time 
was primarily a consequence of the reduced flowrate used in this test. At the start of 
breakthrough the sorbent conversion was 71.3%, which increased to 89.9% at the 
end o f breakthrough. Minimum H2  concentration was 65.9%, 1.3% above the
101
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postbreakthrough equilibrium value o f 64.6%. The fact that the postbreakthrough 
concentration was above the equilibrium value is due to uncertainty in temperature, 
pressure, flowrates, and chromatographic analysis.
6.2 Temperature
Based on the thermodynamic analysis presented in Chapter 3, experimental 
tests were performed at 550 and 650°C. Runs ROCK19A and ROCK19B were 
performed using a feed concentration of 64% H2O, 16% CH4 and 20% N2 , and a 
flowrate o f 200 cm3(STP)/min, using 29.2g o f  pretreated Rockwell dolomite with 
particle size of 300<dp<425 pm and l l g  o f catalyst having a particle size o f 
75<dp<150 pm.
Figure 6.2 shows hydrogen concentration (dry basis) and sorbent conversion 
versus time. The three horizontal lines in the first steady state hydrogen region 
represent, from top to bottom, the equilibrium concentration at 650°C (where no 
Ca(OH)2 is formed), 550°C with only CaCC>3 formation permitted, and 550°C with 
both Ca(OH) 2  and CaCC>3 formation allowed. Prebreakthrough hydrogen 
concentration at 650°C was 71.6% H2 (dry basis) only 0.2% below equilibrium, 
compared to 66.6% H2  (dry basis) at 550°C. The 550°C experimental value was 
between the equilibrium o f CaCC>3 (71.3%) and CaCC>3 plus Ca(OH) 2  (61.8%). 
Therefore, the 66.6% H2  (dry basis) at 550°C suggests the possibility of partial 
formation o f Ca(OH ) 2  together with CaCC>3 . This behavior could also be due to 
slower kinetics at 550°C.
Prebreakthrough and postbreakthrough regions were not clearly defined at 
550°C. The maximum o f  66.6% H2 (diy basis) was between the equilibrium lines
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Figure 6.2. Temperature Effect in a Single-Cycle Test
Sorbent Conversion
corresponding to CaC0 3  only and CaCOa plus Ca(OH)2 . The breakthrough time was 
unusually prolonged with the H2 concentration slowly reduced over a period o f time 
from 120 minutes to about 455 minutes, producing a breakthrough time o f about 
335 minutes, compared to only 77 minutes at 650°C. This long breakthrough time 
reflects the complexity o f the overall reaction rate in which the reforming, water-gas 
shift, carbonation and calcium hydroxide reactions occur simultaneously.
Sorbent conversion at the beginning o f breakthrough was only 28.2%  at 
550°C compared to 62.8% at 650°C. Sorbent conversions at the end of the 
breakthrough were similar with 94.6% at 650°C compared to 96.1% at 550°C. The 
postbreakthrough minimum H2  concentration at 550°C was 33.9%, only 0.1% below 
the postbreakthrough equilibrium value o f 34.0%. 650°C produced a
postbreakthrough H2 concentration of 46.1% H2 (dry basis), only 0.4% below the 
equilibrium value o f  46.5% H2 (dry basis).
It was not possible to analyze for the presence of Ca(OH)2 in the 550°C solid 
product due to the fact that Ca(OH)2  would decompose when a N2 purge was 
introduced. On the basis of these results, all subsequent reaction tests were 
performed at 650°C and 15 atm to avoid the formation o f Ca(OH)2-
6.3 Feed Gas Composition
Figure 6.3 shows the effect o f feed gas composition on the prebreakthrough 
and postbreakthrough H2 content effect using both Rockwell and Stonelite dolomite. 
In this figure H2 product concentration (dry basis) is plotted against CH4 feed 
concentration. The solid and dashed lines represent the H2 content at equilibrium for 
the prebreakthrough and postbreakthrough periods, respectively. Discrete points
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Figure 6.3. Single-Cycle Tests Using Different CH4 Feed Gas Concentrations
represent experimental results for the series o f tests performed at 650°C and 15 atm, 
at a constant steam-to-carbon (S/C) ratio o f  4. The superiority o f the SMR process 
using a solid acceptor (dolomite) is evident. The prebreakthrough H2  concentration 
ranged from 24% when the feed contained 6 % CH4 to 96% when the feed contained 
2 0 % CH4 . In contrast, during postbreakthrough, which corresponds to no dolomite, 
the hydrogen concentration ranged from about 16% to 65% (dry basis). The addition 
of the CO2  acceptor increased the H2  concentration by about 50%.
6.4 Dolomite Type
Figure 6.4 shows the results o f runs STNDL29A and ROCK17A using 
Stonelite and Rockwell dolomites, respectively, and performed under feed 
concentrations o f  48% H2O, 12% CH4, and 40% N 2 , 500 cm3 (STP)/min, 650°C, and 
15 atm. The same dolomite and catalyst particle size ranges of 75<dp<150 and 
300<dp<425 pm, respectively, were used. Prebreakthrough and postbreakthrough 
hydrogen concentrations were almost equal to the equilibrium values o f 51.0% and 
32.8% (dry basis), respectively. Experimental prebreakthrough and 
postbreakthrough H2 (dry basis) concentrations o f 51.0% and 51.0%, and 32.6% and 
32.7%, were measured for Rockwell and Stonelite dolomites, respectively. Sorbent 
conversion at the start o f breakthrough was almost the same for both runs, 73.9% 
and 74.2% for the Rockwell and Stonelite dolomites, respectively. At the end of 
breakthrough a sorbent conversion of 83.3% was achieved with Rockwell dolomite, 
compared to 85.6% using Stonelite dolomite. Breakthrough time was only 5 minutes 
greater using Stonelite dolomite than with Rockwell dolomite, 20 minutes compared 
to 15. Therefore, from these results we can conclude that the reaction behavior of
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Stonelite and Rockwell dolomites is effectively equal when exposed to the same 
reaction conditions.
6.5 Dolomite and Catalyst Particle Sizes
The effects o f dolomite and catalyst particle sizes on H2  concentration and 
acceptor conversion are shown in Figure 6.5. Both tests used Rockwell dolomite 
with a feed concentration o f 48% H20 , 12% CH4  and 40% N2, 500 cm3(STP)/min, 
650°C and 15 atm. ROCK24A used dolomite and catalyst particle sizes in the range 
of 300<dp<425 pm and 75<dp<150 jim, respectively, while run ROCK17A used 
the opposite, with dolomite and catalyst particle sizes in the range o f 75<dp<150 
jim 300<dp<425 jim, respectively. Run ROCK24A used 23.2g of pretreated 
Rockwell dolomite and 10.6g o f catalyst, while run ROCK17A used 22.2g of 
pretreated Rockwell dolomite and 10.4g of catalyst.
Prebreakthrough and postbreakthrough hydrogen concentrations were 
effectively equal in both runs and agreed with the equilibrium values of 51.0% and 
32.8% (dry basis), respectively. Sorbent conversion at the start o f breakthrough was 
lower using the larger dolomite particle size; ROCK17A had a sorbent conversion 
of 73.8% compared to 55.6% in run ROCK24A. The sorbent conversions were 
almost equal at the end o f breakthrough, with 83.3% conversion for ROCK24A and 
80.6% for ROCK17A Breakthrough time was 31 minutes longer using large 
dolomite and small catalyst particles with values o f 46 and 15 minutes for runs 
ROCK24A and ROCK17A, respectively. These results suggest that the resistance 
associated with diffusion of C 0 2 into the interior o f the large dolomite particles may 
be significant.
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6.6 Summary
This chapter presented results o f single cycle tests to establish the reaction 
performance o f  the SMR process using commercial dolomite as an inexpensive 
solid CO2  acceptor precursor. The experimental results confirmed that inexpensive 
pretreated dolomite, as well as reagent grade CaCC>3 used in previous studies by 
Balasubramanian et al. (1999), can be used. The reaction behavior o f Stonelite and 
Rockwell dolomites is effectively equal when exposed to the same reaction 
conditions. 95+% H2 (dry basis) can be produced in a single reaction step using 
inexpensive dolomite, and combined reaction equilibrium can be closely approached 
over the range o f  reaction conditions of interest in this study. The key remaining 
question concerns the durability of the solid acceptor and catalyst. Catalyst and 
dolomite must retain activity through many reaction-regeneration cycles (multicycle 
operation) for the process to be economically attractive. Preliminary multicycle tests 
that address this durability issue are described in the next chapter.
I l l
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CHAPTER 7
MULTICYCLE TESTS EXPERIMENTAL RESULTS
This chapter describes the results o f the multicycle experimental tests.
Reaction conditions in all tests were 650°C and 15 atm using a feed gas containing 
12% CH4, 48% H2O, and 40% N 2 at a flowrate o f 500 cm3(STP)/min. Both 
Rockwell and Stonelite dolomite were used. The acceptor regeneration phase 
examined the effects o f temperature and gas composition. Most regeneration tests 
were performed by exposing both the catalyst and acceptor to regeneration 
conditions. In a limited number o f tests the catalyst and acceptor were separated 
prior to acceptor regeneration.
A single cycle o f  a multicycle test involved two steps consisting of reaction 
(reforming, shift, and carbonation) followed by regeneration (calcination) o f the 
solid acceptor. Reaction involved the use of previously pretreated (calcined and 
desulfixrized) dolomite (CaO*MgO). Reaction produced half-calcined dolomite 
(CaCC>3 *MgO) through the combination o f the reforming, shift and carbonation 
reactions. Run STNDL5 using Stonelite dolomite is used to illustrate the 
regeneration results. The packed bed in the reactor originally consisted of 28.9g 
(containing 0.29 mols o f  CaO) o f pretreated dolomite with a particle size range of 
300<dp<425 microns and 10.9g o f catalyst with a particle size range o f 38<dp<75 
microns. Final sorbent conversion at the end of the reaction step was 91.9%.
Regeneration o f the half-calcined dolomite was performed under 500 
cm3(STP)/min of N2  at 950°C and 1 atm and regeneration progress was followed by 
the CO2 release. Complete calcination produced a gas containing no CO2 . CO2 
composition o f the regeneration gas was followed by gas chromatography with
112
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
samples taken every twelve minutes. The CO2 volumetric flowrate in the product 
gas at each injection could be calculated and converted into molar flowrate. Figure
7.1 shows the CO2  molar flowrate as a function of time. The total CO2  evolved, 
0.234 mols, was calculated by numerical integration. This value is approximately 
equal to the 91.9% o f 0.29 mols o f CO2  captured during the reaction step. Some 
CO2 was evolved and not measured during the time required to switch from reaction 
to regeneration conditions. After 156 minutes the CO2  flowrate was negligible and 
the calcination was complete. CO2  evolution was not followed in all regeneration 
cycles. In those cases 30 minutes were added to the time measured experimentally 
to insure complete calcination.
7.1 The Multicycle Experimental Program
Even though the cost o f dolomite is only about 0.50/lb (Unimin., 2000), 
reactivity must be maintained through many reaction-regeneration cycles if the 
process is to become commercially attractive. Therefore, multicycle tests were 
emphasized in this experimental study.
The effects o f regeneration temperature and regeneration gas composition 
were examined. In addition, tests were carried out in which both the catalyst and 
acceptor were exposed to regeneration conditions and following catalyst and 
acceptor separation.
Table 7.1 shows the standard reaction conditions during the experimental 
multicycle test program. Table 7.2 presents ranges of regeneration conditions used.
All regenerations were performed at 1 atm because of the limitations of the 
reactor system. A regeneration temperature o f at least 800°C, depending on gas
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Table 7.1. Standard Conditions in Reaction Phase o f Multicycle Tests
Tem perature, °C 650
Pressure, atm 15
Volumetric Feed Rate, cm3 (STP)/min 500
Pre-treated Dolomite to Catalyst
Ratio, W t 2.5-2.7
S/C Ratio, Mol 4
Feed Composition Mol %
CM4 1 2
H20 48
n 2 40
Table 7.2. Ranges o f Reaction Conditions Used in Regeneration Tests
Pressure, atm . 1
Tem perature, °C 800 -  950
Gas Composition, mol %
1 0 0  %  n 2
4%  0 2/96% N2
50%  N2/50% H20
100% co2
Catalyst
Separated from acceptor
In contact with acceptor
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composition, is required to calcine the CaC(> 3  to CaO. Lower temperature is 
generally favored. The upper regeneration temperature limit o f  950°C in Table 7.2 
was selected because it is near the temperature required for regeneration in pure 
CO2 at 1 atmosphere.
The four regeneration gas compositions in Table 7.2 were selected to 
simulate four possible regeneration modes. An inert gas atmosphere represented by 
100% N2  may be used if  the gas is heated indirectly to the regeneration temperature. 
The desired temperature may also be achieved by direct contact combustion o f  an 
appropriate fuel with air. About 4% excess O2  represented by the second 
regeneration gas composition would be present in this case. This case is of 
particular importance if the reforming catalyst remains in contact with the acceptor 
during regeneration. The catalyst as well as the acceptor would react during each 
cycle. Active Ni would be oxidized to NiO during regeneration, and then reduced 
back to Ni at the beginning o f each reaction cycle.
The third and fourth regeneration gas compositions were examined as 
possible approaches to the production of pure CO2  in the regeneration product gas 
for greenhouse gas control. Using steam as the regeneration feed gas, and 
subsequently passing the regeneration product gas through a condenser would 
produce pure CO2 . While the experimental system does not allow for the use of 
pure steam, the use of 50% H2 O/ N2  mixture provided preliminary information on 
possible adverse effects o f H2 O on the acceptor-catalyst mixture. By raising the 
regeneration temperature to 950°C, regeneration in pure CO2 is possible at 1
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atmosphere. Thus a pure CO2  product gas could be obtained without the use of 
steam.
Two regeneration options concerning catalyst and acceptor contact are 
possible. In the simpler case, both solids would circulate together between the dual 
fluidized-bed reactors and the catalyst would also be exposed to the regeneration 
conditions. Exposure o f the catalyst, for instance, to O2 during regeneration might 
have a negative effect on catalyst lifetime. I f  necessary, the acceptor and catalyst 
can be separated on the basis o f  particle size and density in the fluidized-bed reactor 
with the catalyst remaining in the reactor and only the acceptor circulating between 
the reactor and regenerator. The possibility o f catalyst-acceptor separation was 
briefly discussed in Chapter 1.
Most o f the regeneration experiments were carried out using inert N 2  as the 
feed gas without catalyst/acceptor separation. Complete regeneration in all tests at 
all conditions was confirmed when no CO2 was detected in the product gas. The 
evaluation o f  the effect o f regeneration conditions was based on performance in the 
subsequent reaction cycle.
7.2 The Five-Cycle Experim ental Program
The multicycle studies began with a series o f five-cycle tests in which the 
effects o f temperature, gas composition, catalyst/acceptor contact, catalyst and 
acceptor particle sizes, and type of dolomite were examined. Table 7.3 identifies 
conditions used in the five-cycle runs. In this table the particle size range designated 
with a “large” (L) particle size refers to 300<dp<425 pm and a “small” (S) particle
117
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Table 7.3 Five-Cycle Run Conditions.
Separated CalcinationOOh-' GAS Dol. Type Dol. dp Cat. dp RUN
950 4% 0 2 Stonelite L S STNDL12
950 100% n2 Rockwell L S Dolmit6
Insitu Calcination
T, °C GAS Dol. Type Dol. dp Cat. dp RUN
800 100% n2 Rockwell L S ROCK3, 10
850 100% n2 Stonelite S L STNDL13
900 100% n2 Rockwell L S ROCK2, 9
900 100% n2 Stonelite L S STNDL7
900 4% 0 2 Stonelite S L STNDL5
950 100% n2 Rockwell S L ROCK16
950 100% n2 Rockwell L S ROCK11, 4
950 100% n2 Stonelite L S STNDL 24
950 4% 0 2 Rockwell S L ROCK17
950 4% Oz Rockwell L S ROCK 8, 15
950 4% 0 2 Stonelite S L STNDL 29
950 4% 0 2 Stonelite L S STNDL23
L = Particle Size Range o f 300<dp<425 jam 
S = Particle Size Range o f  75<dp<150 jam
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size refers to 75<dp<150 jam. Different catalyst and acceptor particle sizes were 
used because different particle sizes are necessary for separation.
The insitu calcination designation means that the catalyst and dolomite were 
not separated during calcination and both catalyst and dolomite were exposed to the 
regeneration conditions. Separation o f the catalyst was achieved by sieving and only 
the half-calcined dolomite was exposed to the high regeneration temperatures. Once 
regeneration was completed, the calcined dolomite and catalyst were remixed for 
the beginning o f a subsequent cycle.
Another variable included in the matrix is the dolomite type, either Rockwell 
or Stonelite. Regeneration temperature was varied from 800-950°C. Two 
regeneration atmospheres were included in this five-cycle test series, either 100% 
N2 or 4% O2/N2 .
Overall results o f the five-cycle runs are presented in Appendix B. Figures
7.2 and 7.3 show results in term s o f H2 content as a function of time for two 
selected five-cycle runs. In these runs the catalyst was not separated from the 
acceptor (insitu regeneration), and was, therefore, exposed to the regeneration 
conditions. “Mild” regeneration conditions o f 800°C in N 2 with Rockwell dolomite 
were used in the five-cycle test shown in Figure 7.2, while results using “severe” 
regeneration conditions of 950°C in 4% O2/N2  with Stonelite dolomite are shown in 
Figure 7.3. Average prebreakthrough and postbreakthrough hydrogen 
concentrations were effectively equal in all cycles of both tests. The equilibrium 
values o f 51.0% and 32.8% (dry basis) were closely approached by the two runs 
with average prebreakthrough contents of 51.0% and 50.5%, and postbreakthrough
119
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Figure 7.3. Five-Cycle Test Using Severe Regeneration Conditions
values o f  32.4% and 33.5% in Figures 7.2 and 7.3, respectively. Average acceptor 
conversion at the start of breakthrough was 67.3% using Rockwell dolomite and 
800°C temperature in N2  compared to 71.7% using Stonelite dolomite and 950°C 
temperature in 4% O2 . The average sorbent conversion at the end o f breakthrough of 
89.4% was slightly greater using mild conditions compared to 85.7% using severe 
conditions. Increased data scatter during the early stages of the reaction following 
regeneration in O2  is attributed to the fact that catalyst activity had to be restored by 
reduction o f  NiO to Ni at the beginning o f each reaction cycle. Average 
breakthrough time was only about 5 minutes longer using the severe conditions 
compared to the run using mild conditions with average values o f  37 and 32 
minutes, respectively.
The results were very similar in each multicycle run. Experimental H2 
concentrations for both runs were effectively equal to the equilibrium values during 
both steady-state periods, sorbent conversions at the start and end o f  breakthrough 
were comparable for both runs and the duration of the active breakthrough periods 
were effectively equal. In addition, results o f five-cycle tests where the catalyst and 
acceptor were separated prior to acceptor regeneration were not significantly 
different from those shown in Figures 7.2 and 7.3.
Figure 7.4 shows results o f a multicycle test where the catalyst was 
separated before acceptor regeneration. Run DOLMIT6 used Rockwell dolomite at 
regeneration conditions of 950°C, 1 atm, 100% N2, 500 cm3(STP)/min and used 
large dolomite and small catalyst particle sizes. The data were more scattered near 
the end o f the prebreakthrough region. This is attributed to changes that occurred
122
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
K)u>
£0
Reaction: 
P = 15 atm 
T = 650 °C 
500 seem 
Feed:
CH4 12%
H20  48 %
Calcination: 
Separated 
P = 1 atm 
T =950 °C 
500 seem 
Feed:
100% N,
RUN: DOLMIT6 
Dol: 300<dp<425 \im  
Cat:75<dp<150 pm
—D— First Cycle 
—o—Second Cycle 
—a — Third Cycle 
—O— Fourth Cycle 
—v— Fifth Cycle 
 Equilibrium
50 100 150 200
Time (minutes)
Figure 7.4. Five-Cycle Test Using Separation o f  Catalyst during Regeneration
during sieving such as loss o f either catalyst or dolomite, changes in particle sizes 
due to breakage during sieving (attrition), and by different packing arrangements 
after re-mixing solids. However, the results are generally consistent with results 
without separation.
In order to better illustrate differences between tests and between cycles the 
values of parameters such as prebreakthrough and postbreakthrough H2  
concentrations, breakthrough time, and sorbent conversions at the start and end of 
breakthrough were normalized to the experimental values measured during cycle 01. 
Table 7.4 shows these normalized values for the five-cycle runs previously 
described. Normalized acceptor conversion at start o f  breakthrough decreased in 
most of the runs and in each cycle, with the cycle 05 values ranging from 0.82 to 
0.95. Conversion at the end o f breakthrough showed almost no reduction through 
three complete cycles; however, reduction in all runs occurred in subsequent cycles. 
A reduction o f about 5%  from the first cycle occurred using the severe conditions. 
Mild conditions resulted in almost no reduction through five cycles with a reduction 
o f only 2% from the cycle 01 value, while the normalized conversion at the end of 
breakthrough decreased by 20% in run DOLIMT6 from its initial value at cycle 01.
Normalized breakthrough time using severe conditions (STNDL23) 
increased at rate o f about 4% from cycle 01 to 04 to stabilize at about 1.16 at cycle 
05. The run using mild conditions (ROCK10) resulted in a small random variation 
with values ranging from 0.98 to 1.11 throughout five cycles. Results using 
separated calcination (DOLMIT6) were scattered with a large increase in 
normalized breakthrough time between cycles 01-02 from 1 to 1.42 and then a
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Table 7.4. Normalized Comparison Between Five-Cycle Tests Using Mild and
Severe Regeneration Conditions
Normalized Acc 
Conversior 
At Start of Breakt
eptor
l
hrough
Normalized Acc 
Conversior 
At End of Breakt
septor
hrough
Cycle # ROCK10 STNDL23 DOLMIT6 ROCK10 STNDL23 DOLMIT6
1 1.00 1.00 1.00 1.00 1.00 1.00
2 0.99 0.98 0.99 0.99 1.00 1.03
3 0.99 0.96 0.95 1.03 0.99 0.97
4 0.93 0.87 0.88 0.98 0.94 0.88
5 0.95 0.89 0.82 0.98 0.95 0.80
Normalized Breakthrough 
Time
Normalized Prebreakthrough 
Maximum H2 Content
Cycle # ROCK10 STNDL23 DOLMIT6 ROCK10 STNDL23 DOLMIT6
1 1.00 1.00 1.00 1.00 1.00 1.00
2 0.98 1.07 1.42 1.01 1.00 0.98
3 1.08 1.13 1.18 0.99 1.00 0.98
4 1.11 1.17 1.00 1.00 0.99 1.00
5 1.06 1.16 0.83 1.00 0.99 1.02
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decrease at cycles 03 to 05 from 1.18 to 0.83. Normalized prebreakthrough fife 
concentration for the three tests were almost equal throughout the five cycles.
While these results are somewhat scattered, all indicate a slight performance 
decrease over five cycles. The main feature of the results is that the responses for 
the three runs are very similar, and no clear effect o f regeneration temperature, 
regeneration environment and separation o f catalyst during calcination can be 
detected. These results are in general agreement with experiments reported by 
Silaban (1993) who found that after a five-cycle carbonation-calcination run the 
fractional carbonation o f dolomite decreased from 0.96 to 0.92, which is comparable 
to the normalized sorbent conversions at the end o f  breakthrough presented above. 
Also Han and Harrison (1994) found that after 5 cycles the reaction breakthrough 
time increased 4 to 7% per cycle. Results presented above are similar.
The reactivity and durability of the catalyst and dolomite were effectively 
the same for five cycles of reaction following the mild regeneration conditions o f 
800°C in 100% N2 , severe regeneration conditions o f 950°C in 4% O2/N2 , and with 
separation o f the catalyst prior to calcination at 950°C in N2. Different sources of 
dolomite (Rockwell and Stonelite) did not affect the overall reaction performance 
during five cycles, since results of ROCK10 (Figure 7.2) and STNDL23 (Figure 
7.3) were similar. In addition, the reactivity is similar for five cycles with or without 
separation o f  the catalyst and dolomite. Since separating the two solids more than 
doubled the time required to complete a cycle, the catalyst and acceptor were not 
separated in all subsequent multicycle tests involving more than five cycles.
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7.3 Longer Duration Multicycle Tests
The effects o f regeneration temperature and regeneration gas composition 
were examined in longer duration multicycle tests and were carried out at conditions 
where both the catalyst and acceptor were exposed to regeneration conditions (insitu 
regeneration). Reaction conditions were the same as in the previous five-cycle 
program. Table 7.5 shows the regeneration conditions during the longer multicycle 
experimental program.
The three regeneration gas compositions in Table 7.5 were selected to 
simulate three possible regeneration modes described in the previous section. 
Longer duration tests involving the use o f O2  in the regeneration feed gas were not 
possible due to excessive oxidation o f the stainless steel insert during regeneration 
at high temperatures. A regeneration temperature range of 800 to 950°C was chosen 
for runs using 100% N2 to study the temperature effect. Regeneration in steam used 
a temperature of 800°C, while regeneration under 100% CO2  used 950°C. Test 
ROCK32 was performed using 100% N 2  from cycle 01 through cycle 25. After 
cycle 25, 50% H2 O/N2 was used during regeneration.
7.3.1 Effect of Regeneration Temperature in N2 Atmosphere
H2  concentrations from selected cycles o f a 15-cycle test in which acceptor 
regeneration occurred at 950°C in 100% N 2  are shown in Figure 7.5. As in the 
previous tests, little or no deterioration occurred during the first five cycles; the H2 
concentrations versus time curves during those cycles were effectively equal. 
However, some deterioration in performance was evident by the eleventh cycle, and 
performance was markedly poorer in the thirteenth and fifteenth cycles.
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Table 7.5. Regeneration Conditions during the Long Duration Multicycle Tests
Run Cycles Temperature Composition
ROCK27 15 950°C 100% n 2
ROCK28 25 850 °C 100% n 2
ROCK32 25/31 800 °C
Cycles 1-25 100% N2, 
Cycles 26-31 50% H20 /N 2
ROCK33 25 800 °C 50% H20/N 2
ROCK40 25 950 °C 100% c o 2
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Figure 7.5. Fifteen-Cycle Test for the Production o f 95+% H2 (Dry Basis)
Deterioration was characterized by a small decrease in the maximum H2  
concentration during the prebreakthrougti period, by a significant decrease in the 
duration o f prebreakthrough period, and t»y a decrease in slope o f  the H2-time curve 
during the active breakthrough period. Significantly, the H2  concentration during 
the postbreakthrough period was effectively equal to the equilibrium concentration 
during each o f the fifteen cycles, indicating that the reforming catalyst retained 
activity.
Reducing the regeneration temperature to  850°C in 100% N2 produced significant 
durability improvement. Results from selected cycles o f  a 25-cycle test are shown 
in Figure 7.6. Once again, performance during the first five cycles was effectively 
constant. Some deterioration was evidemt by the eleventh cycle, but significantly 
less than at 950°C as shown in Figure 7.5. Further deterioration occurred from 
cycles 11 to 17, with a significant reduction o f the duration o f  the prebreakthrough 
period. However, the slope of the breakthrough curve remained relatively constant 
during these cycles. A significant decrease in the slope o f the breakthrough curve 
occurred between cycles 17 to 25. The experimental H2 concentrations in both the 
first and second steady-state periods w ere very close to the equilibrium values in all 
25 cycles, and the slopes o f the H2-tim»e curves during active breakthrough were 
relatively constant with the exception o f cycles 17 to 25. A more detailed 
comparison o f  performance associated with 950°C and 850°C tests is presented 
subsequently.
Selected results from a long-duration test consisting o f  25 complete cycles 
using a regeneration temperature o f 800*0 and 100% N 2  are shown in Figure 7.7.
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Figure 7.6. Twenty Five-Cycle Test for the Production of 95+% H2 (Dry Basis)
Regeneration in cycles 26 to 31 was performed under 50%H2O/N2 and results are 
discussed in the next section. Overall performance using 850°C and 800°C was 
similar. H2  concentration during both steady-state periods was effectively equal to 
the equilibrium values for all the 25 cycles. The duration o f the first steady-state 
period and the slope o f  the active portion o f the breakthrough curve decreased 
slowly beginning in cycle 07. Further deterioration occurred during cycles 20 to 25. 
These results suggest that the decrease in reaction performance in N2 atmosphere 
following regeneration at high temperatures (950°C) can be attributed to sintering 
taking place in the catalyst and/or dolomite. Fuertes (1991) has reported a 
significant surface area reduction o f CaO particles when exposed to temperatures 
greater than 900°C. Haitham (1997) also reported agglomeration of Ni crystallites in 
the catalyst due to a continuous increase in furnace temperatures in actual reformers.
Figure 7.8 compares the maximum H2  concentration during the 
prebreakthrough period as a function of cycle number for longer duration tests using 
N2  regeneration at various temperatures. All data are normalized to the experimental 
maximum concentration measured during cycle 01 as explained in Section 7.2.1. At 
800°C the maximum concentrations appear to be randomly scattered between ±1% 
o f the cycle 01 value for the first 26 cycles. A significant decrease in maximum H2  
concentration occurred in cycle 27 when the regeneration feed gas contained H2O. 
The scatter in the maximum Efe concentration was slightly greater in the 850°C test, 
but all maxima were within ±1.5% of the first cycle result, with reasonably random 
scatter through the 25 cycles. In contrast, the maximum H2  concentration decreased
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continually following 950°C regeneration temperature and was only about 95% o f 
the first-cycle maximum by cycle 15.
Figure 7.9 shows breakthrough time as a function o f  cycle number for the three 
tests. The breakthrough time was defined as the time required for the H2  
concentration to decrease from two percentage points below the prebreakthrough 
equilibrium value to two percentage points above the postbreakthrough equilibrium. 
In the few cases where the maximum H2  concentration was less than two percentage 
points below prebreakthrough equilibrium the beginning o f  breakthrough was taken 
to be time when the hydrogen concentration decreased to two percentage points 
below the maximum experimental H2 concentration. Evaluation o f  the breakthrough 
time requires interpolation between discrete data points so that some scatter is 
inherent in the calculation. All data are again normalized to the first-cycle 
breakthrough time. An increase in breakthrough time is associated with a decrease 
in the global reaction rate o f the simultaneous reactions. At 800°C the normalized 
breakthrough time remained approximately constant for the first 13 cycles, then 
actually decreased slightly in cycles 14 through 26 before increasing significantly 
beginning in cycle 27 with the addition o f H 2O to the regeneration feed gas. 
Breakthrough time at 850°C varied generally between ±30% o f the first-cycle value, 
with the values being somewhat greater than 1.0 in the first ten cycles, and most 
values being less than 1.0 in cycles 11 through 25. At 950°C the normalized 
breakthrough time began to increase dramatically after cycle 08 and was about 5 by 
cycle 15 (not shown in figure).
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Acceptor conversion at the beginning o f breakthrough as a function o f  cycle 
number is shown in Figure 7.10. Again all data are normalized to the first-cycle 
value. At 800°C there was effectively no change in conversion during the first 7 
cycles. This w as followed by a gradual decrease to about 0.85 in cycle 15, a  rather 
sharp decrease to 0.7 by cycle 17, and another gradual decrease to about 0.65 by 
cycle 25. Addition o f steam to the regeneration gas accelerated the rate o f decrease 
to a final value o f  0.1 at cycle 31. At 850°C, the rate o f decrease was reasonably 
constant and reached about 0.65 after 25 cycles. Conversion was approximately 
constant through the first 7 cycles at 950°C, but then decreased rapidly to about 0.1 
in cycle 15.
Acceptor conversion at the end o f breakthrough as a function o f cycle 
number is shown in Figure 7.11. Again, all the data are normalized to the first-cycle 
value. From cycle 01 through cycle 07 there was effectively no change in final 
conversion fo r  all three temperatures and the data varied from 0.95 to 1.08. Then, all 
behaved similarly with a gradual decrease from 0.90 in cycle 08 to about o f 0.69 
after cycle 25. The fractional acceptor conversion at the end of the breakthrough 
period was similar for all three regeneration temperatures, with the addition o f 
steam being responsible for a significant decrease in final acceptor conversion in the 
800°C-regeneration test.
Results presented in this section suggest that lower regeneration 
temperatures favor improved durability o f the dolomite and catalyst mixture. A 
decrease in maximum hydrogen content during prebreakthrough was evident at 
950°C, whereas at 800°C and 850 °C no decrease was observed through 25 cycles.
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Figure 7.11. Normalized Fractional Acceptor Conversion at End of Breakthrough versus Cycle Number in N2
This behavior is consistent with the current use of the reforming catalyst in the 
conventional reforming process at temperatures as high as 850°C with no significant 
deactivation (Rostrup-Nielsen, 1984). Breakthrough time decreased after 25 cycles 
at 800°C and 850°C, whereas 950°C produced a significant increase in breakthrough 
time beginning about cycle 09. Since breakthrough time is an indication of the 
global rate o f the simultaneous reactions, the increase at 950°C with increasing 
cycle number suggests either deterioration o f the dolomite or deactivation of the 
catalyst during regeneration. However the fact that acceptor conversion at the end of 
breakthrough was effectively independent of temperature shows that the acceptor 
was still capable o f reacting with CO2 , but at lower rate following 950°C 
regeneration.
7.3.2 Effect of Regeneration Environment
Multicycle studies with greater than 5 cycles involving the use o f  O2  in the 
regeneration feed gas were not possible due to excessive oxidation o f the stainless 
steel insert during regeneration at high temperatures. However, regeneration under 
50% H2O/N2  and 100% CO2 were performed and are results are presented in the 
following sections.
7.3.2.1 Regeneration in Steam
H2  concentrations from selected cycles o f a 25-cycle test in which acceptor 
regeneration occurred at 800°C in 50% H2O/N2  are shown in Figure 7.12. In 
contrast with previous tests in N2 , some deterioration occurred during the first five 
cycles. Deterioration was more evident by the tenth cycle, and even more by the 
fifteenth cycle; performance was markedly poorer in the twenty-first and twenty-
140
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fifth cycles. Deterioration was characterized by a decrease in the maximum H2  
concentration during the prebreakthrough period, by a decrease in the duration o f 
the prebreakthrough period, and by a decrease in slope o f the H2-time curve during 
the active breakthrough period. Significantly, a slight reduction in postbreakthrough 
H2 concentration from equilibrium as the number o f cycles increased suggests 
possible catalyst deactivation.
Figure 7.13 compares normalized H2  concentrations versus cycle number 
for two tests with regeneration at 800°C using 50% H2O/N2  (ROCK 33) and 100% 
N2  (ROCK32, previously described). Normalized maximum H2 concentration was 
effectively the same throughout the first 11 cycles for both tests. Thereafter the 
normalized concentration with steam regeneration dropped to about 0.96 in cycles 
13-15, increased to 0.99 in cycles 16-20, and dropped back to 0.95-0.96 in cycles 21 
through 25. The run with 100% N2 regeneration showed almost no variation 
throughout 25 cycles, but gradually decreased to 0.95-0.96 in cycles 26-31 when 
H2O was added to the regeneration feed.
Figure 7.14 shows the normalized breakthrough time as a function o f cycle 
number for the two tests described above. The superior performance o f regeneration 
under N2 compared to steam is evident. Steam regeneration produced an almost 
immediate increase in breakthrough time in cycles 02-05 to a normalized value of 
1.6. This was followed by a steady state period during cycles 05-12, and then a 
further increase to 1.8 after 25 cycles. In contrast, regeneration using 100% N2 
produced almost no change during cycles 1-13, after which breakthrough time 
decreased to a value o f about 0.75 from cycles 14-25. The introduction o f steam
141
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Figure 7.12. Twenty Five-Cycle Test for the Production o f 95+% H2 (Dry Basis)
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after cycle 26 produced an increase to 1.6, almost the same response as the test that 
used steam in all cycles.
Figure 7.15 compares normalized acceptor conversion at the beginning of 
breakthrough for these runs. The poorer performance associated with steam is again 
evident. There is continued decrease in normalized acceptor conversion that started 
at the second cycle and reached 0.15 by the end of the run. In contrast; the acceptor 
conversion at the beginning o f  breakthrough for the run using N 2  regeneration was 
almost constant through cycle 08, then decreased slowly to a value of 0.65 in cycle 
25. Introduction o f steam in cycle 26 caused a rapid decrease to 0.12 by cycle 31
Figure 7.16 compares normalized acceptor conversion at the end o f 
breakthrough for tests using regeneration feed gas containing 50% H2O/N2  and 
100% N2 . The sorbent conversion at the end o f breakthrough o f the 100% N2 run did 
not change through the first 5 cycles; beginning about cycle 09 the sorbent 
conversion decreased by an average of 2.1% per cycle. In contrast, normalized 
acceptor conversion in the run using 50% H2O/N2  immediately dropped to about 0.9 
in cycle 02 and then decreased at a rate of about 0.8% per cycle throughout the 25 
cycles. In cycle 25 the normalized acceptor conversion o f the run in 100% N 2  was 
about 0.70 compared to about 0.80 in the run using 50% H2 O/N2 . Normalized 
acceptor conversion continued to decrease in cycles 26-31 o f ROCK32 when steam 
was added to the regeneration gas. In summary, acceptor conversion at the end o f 
breakthrough using 50% H2 O/N2  produced gradual sorbent deterioration that started 
immediately after the first cycle and continued through 25 cycles. In contrast, 
deterioration following regeneration using 100% N2 was almost negligible through 9
145
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Figure 7.16. Normalized Sorbent Conversion at the End Breakthrough versus Cycle Number in Steam
cycles. Deterioration then began and continued until cycle 25 where performance 
was reduced to levels even below the run using 50% H2O/N2 .
Clearly the addition o f steam has an adverse effect o f catalyst/acceptor 
durability. Anderson and Morgan (1964) and Borgwardt (1989) found in their 
sintering studies that crystal growth and crystal agglomeration were accelerated by 
the addition o f steam. They attributed these effects to a surface diffusion process 
induced by adsorbed H2 O that increased the surface mobility inside o f the particle.
7.3.2.2 Regeneration in CO2
H2 concentrations from selected cycles o f a 25-cycle test in which acceptor 
regeneration occurred at 950°C and 1 atm in 100% CO2 at 500 cm3(STP)/min are 
shown in Figure 7.17. In  this test the progress o f regeneration was followed by 
injecting 100 cm3(STP)/min o f  hydrogen between the reactor and the GC sampling 
valve and measuring the  H2 concentration in the regeneration product gas. 
Regeneration was complete when the concentration o f  H2 in the regeneration 
product gas became constant. Generally this occurred after about 2.5 hours; 3 hours 
regeneration time were used to insure complete regeneration in all cycles.
Deterioration was characterized by a slight decrease in the Efe concentration 
during the prebreakthrough period and by a decrease in the duration o f the 
prebreakthrough period. Significantly, the H2 concentration during the 
postbreakthrough period was almost equal to the equilibrium concentration during 
each o f  the 25 cycles, indicating that the reforming catalyst retained activity.
Figure 7.18 compares normalized H2  concentration versus number of cycles 
for 950°C regeneration tests using 100% CO2 (ROCK 40) and 100% N2  (ROCK 27).
148
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Figure 7.17. Twenty Five-Cycle Test Using 100% CO2 during Regeneration
Almost no reduction in maximum H2 concentration was observed using CO2  
regeneration through 22 cycles. In contrast, the normalized Hfe concentration 
decreased to 0.95 after 15 cycles using N2  regeneration.
Figure 7.19 compares the breakthrough time as a function o f cycle number 
for these two tests. Its is evident from this figure that the global rate o f regeneration 
(as measured by the slope o f the breakthrough curve) decreased much faster in N 2  
than in CO2 . Breakthrough time following regeneration using CO2 was almost 
constant throughout the 25 cycles, with random scattered between 1 ± 0.3. Similar 
behavior occurred using 100% N2  from cycle 01 through cycle 09; thereafter the 
breakthrough time increased rapidly from cycle 10 through cycle 15 to a normalized 
value of about 4.5.
Figure 7.20 compares the normalized acceptor conversion at the beginning 
o f breakthrough for the 950°C tests. Because of the decrease in performance 
between cycles 01 and 02, the acceptor conversion using CO2  is smaller from cycles 
02 through 11. The performance using N2 regeneration began to deteriorate quickly 
after cycle 08 and by cycle 12 the performance using CO2  regeneration was 
superior. The normalized acceptor conversion at the beginning o f breakthrough for 
the run using 100% CO2 was approximately constant at a value o f 0.55 from cycle 
02 through cycle 16. From cycle 17 through cycle 25 the normalized sorbent 
conversion gradually decreased to a final value o f 0.21.
Finally Figure 7.21 compares normalized acceptor conversion at the end of 
breakthrough for tests using 100% CO2  and 100% N2  regeneration gas. Normalized 
conversion following N 2 regeneration was effectively constant in cycle 01 through
150
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Figure 7.20. Normalized Sorbent Conversion at the Beginning of Breakthrough versus Cycle Number in CO2
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Figure 7.21. Normalized Sorbent Conversion at the End Breakthrough versus Cycle Number in CO2
08, while the normalized conversion using 100% CO2  decreased at a rate o f  about 
1.8% per cycle in cycles 02 though 25, ending in a normalized conversion o f  0.51. 
Beginning in cycle 09 the N2 test showed a decrease in sorbent conversion o f  about 
1.7% per cycle, very comparable to the CO2 test. The test was terminated after 15 
cycles at a normalized conversion o f 0.84.
The results show that the addition o f CO2 has an adverse effect on the 
acceptor sorbent conversion at the end o f  breakthrough. Borgwardt (1989) also found 
similar behavior, which he attributed to an increase in sintering rate due to the 
presence o f  CO2 during calcination. However, other parameters such as maximum 
hydrogen concentration, breakthrough time and normalized conversion at the 
beginning o f  breakthrough showed a better performance in the CO2 run than the test 
using 100% N2 regeneration feed gas.
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CHAPTER 8
CATALYST AND DOLOMITE CHARACTERIZATION RESULTS
This chapter presents results of characterization tests performed on selected
solids employed in the experimental part o f this research. The techniques employed 
were thermogravimetric analysis (TGA), x-ray diffraction (XRD), and Brunauer- 
Emmett-Teller (BET) surface area.
8.1 TGA Characterization Experiments
8.1.1 Catalyst Reduction
A TGA reduction test was performed to determine the Ni content o f the 
catalyst. The catalyst was crushed to a particle size range of 75<dp<150 pm  and 
loaded in the TGA. Temperature was increased at a rate o f 10°C/min from room 
temperature to 650°C under 100% He at 1 atm and 270 cm3(STP)/min.
Figure 8.1 shows the TGA response o f this test where weight and 
temperature are plotted versus time. The weight o f the catalyst decreased from 
86.6mg to 85.9mg during heating as moisture and other volatile impurities were 
removed. 30 cm3(STP)/min o f hydrogen were introduced after 84 minutes to 
produce a 10% H 2/He gas mixture. Reduction o f  the NiO produced additional 
weight loss to 82.6mg. No weight change occurred after 88 min indicating complete 
reduction o f the catalyst. The 3.9% weight change corresponds to 18% NiO in the 
unreduced catalyst, about 4% higher than the NiO content o f 14% ± 1.5 MO/AI2O3 
reported by the supplier (Table 5.4).
8.1.2 Multiple Acceptor Cycles in CO2 Atmosphere
Two TGA multicycle runs using an atmosphere o f pure CO2 were carried out 
to investigate the durability o f  the acceptor in calcination-carbonation cycle tests
156
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involving 30 or more cycles. No catalyst was used. The temperature was continually 
cycled between 800°C and 950°C. When temperature reached 800°C it was kept at 
that temperature for 5 minutes then increased to 950°C at a rate of 10°C/min, where 
calcination occurred. After 5 minutes at 950°C the temperature was reduced to 
800°C at rate o f  10°C/min for carbonation. Other conditions were 1 atm and 300 
cm3(STP)/min o f CO2 using Rockwell dolomite with a particle size range of 
75<dp<150 jim. Figure 8.2 shows results o f  tests MULTI2 and MULTI4 performed 
through 33 and 148 cycles, respectively. Calcination was complete in each cycle by 
the time the temperature reached 950°C, but carbonation was still occurring slowly 
when the temperature began to increase from 800°C. Thus, the results shown in 
Figure 8.2 in the form of fractional carbonation o f CaO versus cycle number 
represent the degree of carbonation achieved under the specified conditions, and do 
not necessarily represent maximum carbonation. Also plotted in this figure are 
results from 30-cycle fixed-bed reactor test, ROCK40, which used standard reaction 
conditions o f 650°C, 15 atm, 500cm3(STP)/min with regeneration under 100% CO2  
at 500 cm3(STP)/min, and 950°C. Results o f  tests MULTI2, MULTI4 and ROCK40 
are in good agreement. Test MULTI2 showed a gradual decrease in fractional 
carbonation from 0.82 in cycle 01 to 0.49 in cycle 33. In test MLJLTI4 the 
conversion in cycle 01 was 0.83 and conversion gradually decreased to 0.26 at cycle 
97. This was followed by an unexpected increase in sorbent conversion to 0.34 in 
cycle 104 and then a gradual decrease again to a final value o f 0.27 at cycle 148. 
Fractional conversion for test ROCK40 was higher through the 10 first cycles and 
then followed almost the same trend as the TGA tests. Slightly higher
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Figure 8.2 TGA Fractional Multicycle Carbonation of CaO in Rockwell Dolomite versus Cycle Number in 100% CO2
conversions were expected in ROCK40 since the fixed-bed reactions were carried 
out to completion while the TGA tests operated on a fixed time cycle. These results 
are important in terms of the durability o f the dolomite under a CO2 atmosphere and 
show that a fractional conversion o f 0.5 can be obtained after 40 cycles.
8.2 XRD Characterization of Catalyst and Dolomite
X-ray diffraction (XRD) patterns were obtained for identification of solid 
phases and for line-broadening analysis o f the active Ni on the catalyst used in the 
experimental study. The Scintag X-ray diffractometer described in Chapter 5 was 
used. All tests used a wavelength o f 1.54 A with the beam set to operate at 45 kV 
and 35 mA, over a 2 0  range of 2° to 95° with a step size o f 0.02 degrees. The scan 
rate was 1 degree per minute. The raw diffraction pattern was corrected by 
background subtraction. Figures 8.3 and 8.4 show diffraction patterns of the as- 
received catalyst and pretreated dolomite, respectively.
Figure 8.3 shows the characteristic diffraction pattern for the reforming 
catalyst before reduction. The eight peaks o f the diffractogram matched the library 
diffraction patterns identified by two peaks for NiO and six peaks for aluminum 
oxide (AI2O3). Figure 8.4 shows the XRD spectrum of pretreated Stonelite dolomite. 
The library diffraction peaks o f CaO and MgO are closely matched in the 
experimental spectrum. There are additional peaks in the experimental spectrum at 
about 32, 34, 38, 43 and 54 degrees. These peaks are believed to be associated with 
different types of calcium and magnesium oxides, impurities in the dolomite, and 
possibly small amounts of uncalcined CaCOa and MgC0 3 .
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Figure 8.5 shows the XRD spectrum o f the reduced catalyst after 31 cycles 
from ROCK32 using regeneration conditions o f 800°C in 100% N 2  at 500 
cm3(STP)/min. The NiO peaks shown in Figure 8.3 at about 37 and 43 degrees are 
replaced by Ni peaks at about 45 and 52 degrees, confirming that the reduction o f 
the NiO was essentially complete.
The analysis o f the XRD spectra o f both catalyst and acceptor following 
longer duration tests did not indicate the presence of mixed metal compounds such 
as the those described in Chapter 3 that might be responsible for loss o f catalyst 
activity
8.3 Line Broadening Analysis of XRD Spectra
The classic line broadening technique using the Scherrer equation described 
by Klug and Alexander (1974) is often used to measure the crystallite particle size 
o f Ni metal present in the catalyst. This technique measures the width o f the 
characteristic reflection peak intensity at half maximum (FWHM) to calculate the 
volume average particle size o f  the metal. However, this technique does not account 
for instrument contributions to line broadening and other disturbances present in the 
raw diffractogram. Therefore, an alternate method, called BWA (Bertatut-Warren- 
Averbach., Warren et al., 1953) was used. The BWA method eliminates the 
instrument contributions to line broadening by fitting the peak intensity profile with 
a Pearson VII profile shape function (Howard and Preston, 1989) to estimate surface 
average crystallite sizes and crystallite size distributions through a Fourier transform 
mathematical technique. This analysis was performed using the MUD MAS TER 
(Eberl, 1996) software developed by the U.S. Geological Survey. Teixeira and
163
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Loureiro (1993) used this program in recent research related to the effect of 
temperature and steam on sintering o f  reforming catalysts. Inputs to the 
MUDMASTER program include the raw diffraction pattern, the 2© range o f the 
characteristic peak, the reflection to be analyzed, and the diffraction pattern o f a 
standard. The peak analyzed was the (111) Ni reflection and the 2 0  range was set 
between 44 and 45 degrees according to the data used for reforming catalysts 
described by Klug and Alexander (1974). As shown in Figure 8.5 this is the most 
intense Ni peak.
Figure 8.6 expands the characteristic peak of the (111) reflection o f Ni in the 
reduced reforming catalyst. It can be seen in this figure that the experimental line 
does not coincide exactly with the line o f the library (111) Ni reflection. Therefore, 
Ni powder of 99.99% purity from Matheson was used as a calibration standard for 
the MUDMASTER program. Figure 8.7 shows the diffraction pattern o f the Ni 
standard used in the determination o f crystallite sizes using the MUDMASTER 
program. The diffraction pattern o f the standard clearly coincides with the library 
reflection o f (111) Ni.
Ni crystallite sizes from catalysts following five-cycle and longer duration 
runs calculated using the MUDMASTER program are presented in Table 8.1. Three 
runs, one in which the catalyst was reduced under hydrogen in a glass cell (A27) at 
550°C, a run at 800°C in N 2 after 3 cycles (ROCK31), and a run where only one 
reaction cycle was performed (ROCK30) are included for comparison. The freshly 
reduced catalyst, A17, had a Ni crystallite size of 19.8 nm. After one cycle, 
ROCK30, the crystallite size increased by a small amount to 20.2 nm, and an
164
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Table 8.1. Surface Average (BWA) Crystallite Size Results
Catalyst 
Particle 
Size, um
Test Cycles Reg. T, °C Comp d, nm (BWA)
A27 N/A N/A N/A N/A 19.8
ROCK30 1 N/A N/A 75<dp<150 20.2
ROCK31 3 800 100% n2 75<dp<150 23.3
ROCK3 5 800 100% n2 75<dp<150 25.4
ROCK9 5 900 100% n2 75<dp<150 25.9
ROCK4 5 950 100% n2 75<dp<150 26.3
ROCK11 5 950 100% n2 75<dp<150 27.8
ROCK16 5 950 100% n2 300<dp<425 24.1
ROCK2 5 900 4% 0 2/N2 75<dp<150 24.1
ROCK15 5 950 4% 0 2/N2 75<dp<150 23.1
ROCK8 5 950 4% 0 2/N2 300<dp<425 25.7
ROCK17 5 950 4% 0 2/N2 300<dp<425 26.0
ROCK32 25-31 800 100% N2i 
50 H,0/N2
75<dp<150 27.5
ROCK33 25 800 50 H20/N2 75<dp<150 28.2
ROCK28 26 850 100% n2 75<dp<150 29.5
ROCK24 15 950 100% n2 75<dp<150 32.2
ROCK27 15 950 100% n2 300<dp<425 32.3
ROCK40 25 950 1 0 0 % c o 2 75<dp<150 24.5
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additional increase to 23.3 nm occurred after 3 cycles (ROCK31). Crystallite sizes 
after 5 cycles were generally larger, but with no clear correlation with either 
temperature, regeneration atmosphere, or catalyst particle size. While the largest 
crystallite size o f 27.8 nm (ROCK11) during five-cycle runs was associated with 
950°C regeneration in N 2 , Ni crystallites following 950°C regeneration in 4% O2/N2  
(ROCK15) were only 23.1 nm, showing no growth.
Crystallite size after regeneration in N 2  increased as temperature and number 
of cycles increased, presumably because o f increased sintering during regeneration. 
Figure 8.8 shows a plot o f  crystallite size versus number o f  cycles for regeneration 
temperatures o f 800°C and 950°C in N2. The effect o f both temperature and number 
o f cycles is evident in this figure. However, there is almost no effect o f  regeneration 
temperature through 5 cycles. This behavior is consistent with reaction results 
presented in the previous chapter that found very little difference in performance at 
800°C and 950°C during five-cycle runs.
Results in Table 8.1 also suggest that the Ni crystallite size is more stable in 
CO2  than in N2 . After 25 cycles at 950°C regeneration temperature (ROCK40) using 
100% CO2 , the Ni crystallite size was 24.5 nm, while at the same temperature but 
using 100% N2  (ROCK24) after 15 cycles the crystallite size was 32.3 nm.
8.4 BET Surface A rea
Limited BET surface areas of acceptor and catalyst were measured courtesy 
of Hampton University with results presented in Table 8.2. It is important to note 
that the BET surface area is a measure of the total catalyst surface area as opposed 
to Ni surface area. The mixture o f catalyst and pretreated dolomite before use had a
169
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Table 8.2. M ulticycle BET Surface Area Results
Feed Gas Particle Size Cat. BET Acceptor BET
Test Cycles Reg. T °C Comp, % Acc/Cat m7g m'Vg
ROCK29 1 N/A N/A US - 0.68
ROCK30 1 N/A N/A US 1.83 -
ROCK33 25 800 50% H20/N2 US 1.66 0.69
ROCK32 25-31 800 100% N2. 
50 H2O/N2
US 1.48 1.65
ROCK28 26 850 100 n2 US 1.44 0.54
ROCK27 15 950 100 n2 S/L 1.14 0.33
ROCK15 5 950 4% 0 2/N2 US 2.09 0.37
ROCK40 25 950 100% co2 US 1.85 0.16
Pretreated 
Dolomite + 
Red. Catalyst 
Mixture
N/A N/A N/A US 2.80
L = 300<dp<425 pm 
S =  75<dp<150 |im
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surface area o f  2.80 m2/g. After one complete cycle, the catalyst surface area was 
1.83 m2/g, which is considerably lower than 3-10 m2/g reported by the supplier.
After 26 cycles using 850°C regeneration in N2  (ROCK28) the catalyst 
surface area was reduced by 21% to 1.44 m2/g. An increase in regeneration 
temperature to 950°C in N2 (ROCK27) after 15 cycles produced a catalyst with a 
surface area o f 1.14 m2/g, a 38% reduction with respect to cycle 01. Higher 
temperature appears to have a more important influence on the reduction o f surface 
area than the number o f cycles.
Regeneration in 50% H2O/N2  produced a decrease in catalyst surface area 
from 1.83 m2/g after 01 cycle to 1.66 m2/g after 25 cycles at 800°C (ROCK33). 
Regeneration in O2  at 950°C (ROCK15), after 5 cycles surprisingly produced an 
increase o f surface area from 1.83 to 2.09 m2/g. Finally regeneration in CO2 resulted 
in an effectively constant surface area, 1.83 m2/g after 01 cycle and 1.85 m2/g after 
exposure to 100% CO2  during 25 cycles at 950°C (ROCK40).
After reaction the acceptor was composed primarily o f  half-calcined 
dolomite (CaCC>3 »MgO), which is the form o f the acceptor reported in Table 8.2. 
Increasing regeneration temperature and number o f cycles produced a decrease in 
acceptor surface area, from 0.68 m2/g after a single reaction cycle (ROCK29) to 
values as small as 0.16 m2/g after 25 cycles using 950°C in CO2 (ROCK40). 
ROCK32 was an exception to this trend and we have no explanation for the increase 
in BET surface area to 1.65 m2/g.
172
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Steam regeneration caused essentially no change in surface area o f the 
acceptor. The surface area o f  0.68 m2/g after 01 cycle did not change after 25 cycles 
under 50% H20/N 2 and 800°C (ROCK33).
Moderate sintering is suggested at 850°C since after 25 cycles (ROCK28) in 
100% N2, the acceptor surface area decreased by 20% from the first cycle 
(ROCK29), from 0.68 to 0.54 m2/g.
Significant acceptor sintering occurred at 950°C since the acceptor surface 
area was reduced from 0.68 to 0.33 m2/g after 15 cycles in 100% N2 (ROCK27), a 
51% decrease. Regeneration in 0 2 at 950°C (ROCK15) also produced a decrease in 
the acceptor surface area from 0.68 m2/g after 01 cycle to 0.37 m2/g after 5 cycles, a 
reduction o f about 54%. With regeneration in C 02 at 950°C (ROCK40) the acceptor 
surface area decreased to 0.16 m2/g after 25 cycles, which suggests that C 0 2 
accelerates the acceptor sintering rate.
8.5 Visual Evidence of S intering
Two runs from the long duration tests show visually the effect of sintering. 
Run ROCK27 used small dolomite particles (75<dp<150 pm) and large catalyst 
particles (300<dp<425 pm). The opposite particle sizes were used in ROCK28. 
Regeneration was performed at 1 atm using 100% N2 at 500 cm (STP)/min for both 
runs, with run ROCK27 using 950°C regeneration for 15 cycles, and ROCK28 using 
850°C regeneration for 26 cycles.
The appearance o f the catalyst-acceptor mixture following these runs is 
shown in Figure 8.9. The mixture following ROCK27 had a “chalk-like” 
appearance. The high regeneration temperature o f 950°C combined with the particle
173
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sizes used in this test caused agglomeration of the solid mixture inside the packed 
bed. The poorer reaction performance of ROCK27 compared to ROCK28 is 
attributed to this agglomeration, which permitted channeling along the walls of the 
reactor tube so that less reactant gas was in contact with the inner solid mixture in 
the bed. This was reflected in ROCK27 by the lower conversion at the start of 
breakthrough, and the increased breakthrough times (see Figures 7.9 and 7.10). In 
contrast, the solids from ROCK28, which used a lower regeneration temperature 
(850°C) and large particles o f dolomite and small particles o f catalyst, were free 
flowing and their final appearance was very similar to the initial conditions. The 
agglomeration observed in run ROCK27 was only noticed following 950°C 
regeneration using the combination o f small acceptor and large catalyst particle 
sizes
174
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CHAPTER 9
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
9.1 Summary
Hydrogen (H2 ) is an important raw material for the chemical and petroleum 
industries; large quantities are used in the manufacture o f ammonia and methanol 
and in a variety o f petroleum hydrotreating processes. A  growing demand for H2  is 
forecast in all sectors. The increasing use o f hydroprocessing to convert heavy, 
high-sulfur crudes to clean-burning transportation fuels coupled with a decrease in 
the use o f catalytic reforming will necessitate an increase in “on-purpose” hydrogen 
production in petroleum refining (Abrado and Khurana, 1995). The possibility that 
hydrogen might become a general-purpose energy source for space heating, electric 
power generation, and as a transportation fuel would cause a huge increase in 
hydrogen demand. Conversion of natural gas via steam-methane reforming (SMR) 
is currently the major process for hydrogen production (Heydom et al., 1998). It is 
probable that SMR will remain the process o f choice for the next few decades 
(Terrible et al., 1999).
The SMR process involves multiple steps and severe operating conditions. 
The primary reformer operates at approximately 800-850°C and 15-20 atm. Large 
quantities o f supplemental fuel must be burned to supply the energy needed to 
maintain reformer temperature. The reformer is followed by high temperature and 
low temperature shift reactors and then by carbon dioxide removal using either 
amine scrubbing or pressure swing adsorption technology.
Within the last few years the concept o f combining reaction and separation 
to simplify chemical processes, conserve energy, and/or to improve product quality
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and yield has received increased attention. This dissertation addressed an approach 
to combining reaction and separation for the production o f hydrogen using sorption- 
enhanced reaction (SER). The fixed-bed reactor used in this study contained a 
mixture o f  reforming catalyst and CO2 acceptor so that reforming, shift, and CO2 
separation steps occurred simultaneously. By removing CO2 from the gas phase as it 
is formed, the normal equilibrium limits o f the reforming and shift reactions are 
removed and a product containing as much as 96% H2 (dry basis) can be formed in a 
single processing step. Shift catalyst is not required at reaction conditions associated 
with the simultaneous reactions (Han and Harrison, 1994).
This dissertation presented a (1) literature review of the SMR process and 
the use o f Ca-based acceptors for removing CO2 , (2) a detailed thermodynamic 
analysis o f the combined reforming, shift, and CO2 separation reaction system, (3) 
process simulations including detailed material and energy balances, (4) and an 
experimental evaluation o f the sorbent enhanced reaction concept. The experimental 
work was designed to prove that 95+% H 2 (dry basis) can be produced in a single 
step using a conventional catalyst and an inexpensive CO2 acceptor (dolomite), 
provide preliminary information on the durability of the catalyst and acceptor by 
examining the effects o f regeneration temperature and regeneration gas 
composition, and to determine if  separation o f catalyst and acceptor prior to 
acceptor regeneration is required. This study also provided first data relating to the
1
production o f  pure CO2 off-gas during acceptor regeneration.
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9.2 Conclusions
The ASPEN-PLUS simulation study com pared three processes fo r  H 2  
production. These were the conventional steam -m ethane reforming process (CVP), 
and sorbent-enhanced processes using both  direct (APDH) and indirect (A PIH ) 
heating for acceptor regeneration. The following conclusions were reached from  the 
process sim ulation study:
A) Reduced Fuel Consumption: The supplem ental fuel consumption for the  CVP 
and the A PIH  processes is effectively equal, w hile the APDH process showed a 
reduction o f  about 24%  in fuel consum ption with respect to the other two. Brun- 
Tsekhovoi e t al. (1988) have reported energy savings o f  about 20 % fo r the 
APDH process under similar reaction conditions.
B) Process Simplification: The CVP process employs five-major process vessels - 
reformer, high tem perature shift reactor, low  tem perature shift reactor, scrubber 
and stripper. The APDH process requires only two vessels - primary reactor and 
regenerator, and three vessels are required in the APIH process - prim ary 
reactor, regenerator and furnace.
C) Pure CO2  B yproduct Credit: The A PIH  process is capable o f  producing pure 
sequestration-ready CO2 , while CO2  is discharged to the atmosphere in both 
CVP and A PD H  options. Based on total carbon feed to  the process the A PIH  
option can reduce CO2  emissions by 55.3%  compared to  APDH process w ith an 
increase o f  9.3%  in fuel consumption. Similarly, the APIH option can provide a  
reduction o f  58.9% in CO2 emission com pared to  the CVP process, w ith an 
increase o f  only 1.30% in fuel consum ption
178
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Experimental tests o f  the sorbent enhanced reaction concept produced the
following conclusions:
A) Dolomite Pretreatment: Dolomite pretreatment is needed to remove trace 
quantities o f sulfur present in the as-received dolomite. Without pretreatment, 
the sulfur is liberated during reaction and poisons the nickel reforming catalyst. 
A dolomite pretreatment step to remove sulfur was developed to solve this 
problem.
B) 95+% H2  (dry basis) can be produced in a single step in the sorbent-enhanced 
SMR process using pretreated dolomite as an inexpensive CO2  solid acceptor.
C) Prebreakthrough and postbreakthrough equilibrium for the combined reforming, 
shift and carbonation reactions were closely approached at 15 atm, 650°C, 500 
cm3(STP)/min using a feed gas containing from 6 to 20% CH4  and a steam to 
carbon ratio o f 4.
D) The reaction behavior o f Stonelite and Rockwell dolomites was effectively equal 
when tested at the same reaction conditions.
E) The reaction responses for all five-cycle runs were very similar, and no clear 
effect o f  regeneration temperature and regeneration environment was found. 
However, all tests resulted in a slight performance decrease after five cycles.
F) The reactivity of the catalyst and dolomite was effectively equal during five 
cycles with or without separation o f the catalyst and dolomite. Since separating 
the two solids more than doubled the time required to complete a cycle, the 
catalyst and acceptor were not separated in all multicycle tests involving more
179
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than five cycles. Catalyst-acceptor separation may not be needed in a 
commercial process.
G) Longer duration regeneration tests in N 2 showed that lower regeneration 
temperatures favor improved durability o f  the dolomite and catalyst mixture. A 
decrease in maximum hydrogen content during the prebreakthrough period was 
evident at 950°C, whereas at 800°C and 850 °C no decrease was observed 
through 25 cycles. Breakthrough time showed no significant change through 25 
cycles at 800°C and 850°C, whereas 950°C produced a significant increase in 
breakthrough time. Since breakthrough time is an indication o f the global rate of 
the simultaneous reactions, the increase at 950°C with increasing cycle number 
suggests a decrease in acceptor reactivity and/or deactivation o f the catalyst 
during regeneration.
H) The addition o f  steam during regeneration has an adverse effect on 
catalyst/acceptor durability. Longer duration tests results showed that using 50% 
H2 O/N2  during regeneration produced gradual deterioration through 25 cycles. 
Anderson and Morgan (1964) and Borgwardt (1989) found in their sintering 
studies that addition of steam accelerated crystal growth and crystal 
agglomeration.
I) The use o f a CO2  regeneration atmosphere required that the regeneration 
temperature be increased to about 950°C. TGA multicycle tests showed that 
acceptor fractional conversion of at least 0.5 could be achieved after 40 cycles. 
Other reaction characteristics such as maximum hydrogen concentration, 
breakthrough time and acceptor conversion at the beginning o f breakthrough
180
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were improved in a CO2  atmosphere compared to a N 2  regeneration atmosphere 
at the same temperature. However, the use o f CO2  had an adverse effect on the 
acceptor conversion at the end of breakthrough. Borgwardt (1989) also found a 
similar behavior, which he attributed to an increase in sintering rate by the 
presence o f CO2  during regeneration.
9.3 Recommendations
The following recommendations are based on the overall favorable results of
this preliminar experimental study:
A) The sorbent enhanced SMR process should be evaluated using larger scale 
fluidized-bed and/or transport reactors. The experimental results o f this study 
defined operating conditions for this follow-on effort.
B) A detailed economic comparison o f the three processes is needed in order to 
evaluate the impact o f the CO2  acceptor using different regeneration concepts.
181
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Conventional Process Simulation Diagram (Reaction Part)
1 2 3 4 5 6 7 8
STATE VAPOR VAPOR VAPOR VAPOR VAPOR VAPOR VAPOR VAPOR
Temperature C 519.8000 8500000 250000 520.0000 7538000 359.7000 4238000 229.0000
Pressure BAR 15.2000 152000 15.2000 152000 15.2000 152000 152000 152000
Vapor Frac 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Mass VFrac 1.0000 1.0000 1.0000 1.0000 10000 1.0000 1 0000 1.0000
Mole Flow KMOL/HR 5.0000 6.8740 1.0000 1.0000 6.8740 68740 6.8740 6.8740
08.1040 B8.104Q 16.0430 15.0430 88.1040 88.1040 88.1040 88.1040
Mass Row KG/SEC 0.0240 0.Q240 0.0040 0.0040 0 0240 0.0240 0.0240 0.0240
Mass Flow KG/SEC 0.0240 00240 0.0040 0.0040 00240 0.0240 0 0240 0.0240
Mass Row KG/SEC 0.0000 0.0000 0.0000 0.0000 ooooo 0.0000 ooooo 0.0000
215410 423570 15500 43610 38 7310 23.8230 262790 188540
Enthalpy MMKCAL/HR •0.2260 -01600 -0.0180 •0.0120 -0.1660 -0.1890 -0.1890 •02000
0.0040 0.0020 0.0100 0.0040 00020 0.0040 0.0030 0.0050
MolaFlow KMOL/HR
CH4 1.0000 00630 10000 1.0000 00630 0.0630 00630 0.0630
CO 00000 05330 ooooo ooooo 05330 05330 01330 01330
C02 0.0000 04040 0.0000 0.0000 04040 0.4040 0.8030 0.8030
H2 ooooo 32150 0.0000 0.0000 32150 32150 36140 26140
H20 40000 26590 0.0000 0.0000 26590 26590 2.2600 22600
02 0.0000 OOOOO 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
N2 0.0000 0.0000 0.0000 0.0000 ooooo 0.0000 0.0000 0.0000
CH4 0.2000 0.0090 1.0000 1.0000 00090 0.0090 0.0090 00090
CO 0.0000 0.0780 0.0000 0.0000 0.0780 0.0780 0.0190 0.0190
C02 0.0000 0.0590 0.0000 0.0000 0 0590 0.0590 0.1170 0.1170
K2 0.0000 0.4680 0.0000 0.0000 0.4680 0.4680 0.5260 05260
H20 0.8000 0.3870 0.0000 0.0000 0.3870 0.3870 03290 0.3290
02 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
N2 0.0000 0.0000 0.0000 0.0000 OOOOO 0.0000 ooooo 0.0000
HMX J/KG -107560000000 -7617300.0000 -46608000000 •3126500.0000 -78967000000 •8982100.0000 -8982100 0000 •9503000.0000
CPMX J/KG-K 2504.8030 29333750 2321.8710 39435100 2873.1280 2647.1810 2720.8950 26305660
PC MX N/SQM 18563800.0000 9893390.0000 4599000 0000 4599000.0000 98933900000 9893390.0000 8913620 0000 8913620.0000
MWMX 17.6210 128170 16.0430 16.0430 128170 128170 12.B170 128170
”  VAPOR PHASE
00240 0.0240 0.0040 0.0040 0 0240 0.0240 0 0240 0.0240
-10756000.0000 -76173000000 -4660800 0000 -3126500.0000 -7896700.0000 -8982100.0000 -8982100 0000 -9503000.0000
Heal Cap J/KG-K 2504.8000 2933.3750 2321.8710 3943.5100 2873 1280 2647.1810 2720 B950 2630.9660
0.0800 02430 00340 0.1230 0 2220 0.1380 01650 0.1200
Density KG/CUM 40900 20800 100910 36790 2 2750 3.6980 33530 4 6730
00000 OOOOO 0.0000 0.0000 OOOOO 0.0000 ooooo 0.0000
c m 10090 1.0050 0 3750 1.0050 1 0050 1.0040 1 0050 1.0010
CO 0.0000 1.0050 0.0000 0.0000 10060 1.0090 1 0080 1.0100
C02 00000 1.0050 0.0000 0.0000 10050 1.0020 1.0040 0.9960
H2 ooooo 1.0030 0.0000 0.0000 1.0040 1.0110 1.0080 1.0160
H20 0.9900 1.0020 ooooo 0.0000 1.0010 05870 0.9330 0.9710
02 0.0000 0.0000 ooooo 0.0000 OOOOO OOOOO ooooo 0.0000
M2 0.0000 0.0000 ooooo 0.0000 0.0000 0.0000 ooooo 0.0000
PC MX N/SQM 185638000000 98933900000 4599000 0000 4599000.0000 98933900000 99933900000 89136200000 8913620.0000
MWMX 17.6210 128170 16 0430 16.0430 128170 128170 128170 128170
“ • UQUIO PHASE “ *
0.0000 0.0000 ooooo 0.0000 ooooo 0.0000 0.0000 0.0000
ooooo 0.0000 0.0000 0.0000 0.0000 0.0000 ooooo 0.0000
Heat Cap J/KG-K ooooo 0.0000 0.0000 0.0000 OOOOO oooool ooooo OOOOO
ooooo 0.0000 ooooo 0.0000 0.0000 0.0000 ooooo 0.0000
Density KG/CUM ooooo 0.0000 0.0000 0.0000 O.CDOO 0.0000 ooooo 0.0000
ooooo ooooo 00300 ooooo ooooo ooooo ooooo ooooo
Surface Ten N/M __ 0.0000 ooooo 0.0000 0.0000 ooooo 0.0000 0.0000 0.0000
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DisplaY 9 10 i i 12 13 14 15 16
STATE LIQUID VAPOR M0(ED LIQUID UOUID VAPOR VAPOR VAPOR
Temoerelum C 2S0QQC 2486000 43000C 25 OXO 43 0000 43 oaac 25 0X 0 9BOOQQO
Pressure BAP 15.200C 15.2000 15-200C 152000 15.2000 15.200c 10000 1.0008
Vapor Free Q.QOOC 1.0000 0.691 G O.OOX O.OOOC 1.Q0X 1.0000 1.0000
Mass VFrac OOOOC 1000C 0.56SC OOOX OOOX 1 OOX 1 OOX i .o x o
Mot# Row KMOL/HR 0.967C 6.6740 6.874C 3.0O4C 2.144C 4.730C 0.51X 5.6530
Mass Flow KG/HR 17.430C 88.1040 88.104C 68.53X 38.6240 49.48X 8.1820 1623250
Mass Flow KG/SEC 0 0050 0.0240 0 0240 0 0190 0 0 1 1G Q.014C 00020 □ 0450
Mass Flow KG/SEC o.oooc 0.024Q 0.014G O.OOX 0.0000 0.014G 0.0020 0.0450
Mass Flow KG/SEC Q.005C aoooo 0.0110 0.0190 0.0110 O.OOOC OOOX aoooo
Volume Flow CUM/HR 00180 19.8130 83040 00690 00400 8.2290 12 45X 6099660
Enthalpy MMKCAL/HR •0 0670 - a 20oo •0.2340 •0 2630 -0.1470 •0.0870 •0 0090 •0.0610
DansiW GM/CC 0.9940 0.0040 a o u o 0.9940 0.9760 O.OOX 0 X 1 0 0.0000
Mole Flow KMOL/HR
CH4 0.0000 0.0630 0.0630 O.OOX 0.0000 0.0630 0.51X 0.0000
CO 0.000Q 0.01X 0.01X OOOX 0.00X 0.01X O.OOX 0.0000
C02 ooooo 0.9190 0 9190 OOOX OOOX 0 9190 0 0 X 0 051X
H2 0.0000 3.7300 3.73X OOOX O.OOX 3.73X O.OOX ooooo
H20 0.9670 2.1440 2.1440 3 0040 2.1440 O.OOX OOOX 1.0200
02 ODDOO ooooo OOOX OOOX OOOX OOOX OOOX 0.1020
N2 ooooo 0.00X O.OOX OOOX a o o x O.OOX O.OOX 43210
Mole Frac
CH4 OOOOO 00090 00090 o a o x OOOX 00130 1 X X OOOX
CO 0.0000 aoooo 0.0030 O.OOX 0.0000 0.0040 OOOX 38.0000
C02 0.0000 0.1340 0.1340 O.OOX O.OOX 0.1940 OOOX 0.0870
H2 ooooo 0.5430 0.5430 OOOX OOOX 0.78X OOOX 48.0000
H20 1 0000 0.3120 0.3120 1.00X 1.00X O.OOX O.OOX 0.1740
02 0.0000 0.00X O.OOX O.OOX O.OCOO O.OOX OOOX 0.0170
N2 ooooo OOQDO OOOX o a o x OOOX O.OOX OOOX 07210
HMX J/KG -16043000.00 •9503000.X •111360X.X -16043000.X •159560X.X •73941X.X •48461X.X -1577600.00
CPMX J/KG-K 4833.3320 2649.5070 3775.5660 4833.3320 4825.16X 2978.7930 2230.15X 1363.2000
PC MX N/SOM 22056000 0000 86298400000 8S29840.00X 22QS50X OOX 22D550X.OOX 25446X 00X 45990X 00X 7025780 0000
MWMX 18.0150 123170 12.8170 10.0150 19.0150 10.4610 16 0430 27.7340
— VAPOR PHASE —
Mass Flow KG/SEC ooooo 00240 00140 OOOX OOOX 00140 00020 00450
Enthalpy J/KG 0.0000 •9SQ30X.00X •7441QX.00X O.OOX a o o x •7394100.00X -46461X.0QX -1577600.0000
H tit Cap J/KG-K 0.0000 2649.5070 2971.2960 O.OOX a o o x 2978.7930 2230.1560 1363.2800
ConduclmtyWATT/M-K ooooo 0.12B0 01230 o a o x OOOX 0.1240 00340 00890
Density KG/CUM 0.0000 4.4920 6.0340 O.OOX O.OOX 6.0130 0.6570 03660
Viscosity N-SEC/SOM ooooo 0.00X O.OOX O.OOX O.OOX O.OOX O.OOX 0.0000
Fuqacitv Cf
CH4 0.0000 1.0020 0.9900 O.OOX a o o x 0.9980 0.99X 0.0000
CO 0.0000 1.0090 1.0050 OOOX 0.00X 1.0050 O.OOX 1.0000
C02 ooooo 0.99X 0.9830 OOOX OOOX 0.9830 OOOX 10000
H2 0.0000 1.0140 1.0120 O.OOX O.OOX 1.0120 O.OOX 1.0000
H20 0.0000 0.9750 05590 O.OOX a o o x O.OOX O.OOX 1.0000
02 ooooo ooooo OOOX OOOX OOOX O.OOX OOOX 10000
N2 0.0000 0.00X O.OOX O.OOX O.OOX O.OOX o .o o x 1.0000
PCMX N/SQM 0.0000 8629640.00X 2S34870.00X O.OOX O.OOX 2S446X.00X 4 5 9 X X 0 0 X 7026700.0000
MWMX ooooo 12.8170 10.4950 OOOX OOOX 10.4610 16 0430 27 7340
— LIQUID PHASE —
Mass Flow KG/SEC 0 0050 0.0000 0.0110 00190 0.0110 o .o o x OOOX 0.0000
Erihalpr J/KG -16043000 0000 o.oaoo -1S9560XX •16043QXX •1595E0XX O.OOX OOOX aoooo
Heat Cap J/KG-K 4833.3320 O.OOX 4824.6270 4833.3320 4Q25.10X a o o x o .o o x 0.0000
ConduetMtvWATT/M-K 0.6060 0.00X 0.6250 0 6060 0.63X O.GOX OOOX 0X 00
Density KG/CUM 993 5140 aoooo 978.0170 993 5140 975 9880 OOOX a o o x a o o x
Viscositr N-SEC/SOM 0 X 1 0 O.OOX 0.0010 0.X1Q 0.X10 O.OOX o .o o x a o o x
Surface Tan N/M 0.0360 O.OOX 0.031Q 0 0360 0.0340 a o o x o .o o x a o o x
Conventional Process Simulation Results (Reaction Part)
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Display 17 18 19 22 23 24 25 26 27 29 30 31 33
STATE VAPOR VAPOR VAPOR VAPOR VAPOR VAPOR VAPOR VAPOR VAPOR MPED UOlHO MKED VAPOR
Ttm ptralurt C 520.0000 753.4000 3000000 446.9000 250000 739 5000 198 0000 198.8000 1986000 190.6000 198 0000 198.6000 1988000
P it s iu u  BAR 15 2000 1.0000 15.2000 1.0000 1.0000 1.0000 15.2000 15.2000 15.2000 15.2000 152000 15.2000 152000
Vapci Ff»e 1.0000 10000 1 OQOD 10000 1.0000 1.0QQD 1.0000 ta a o o 1 OOOO 0  8670 OOOOO 0.6050 laa o o
MassVFrac 10000 10000 10000 10000 10000 10000 1 0000 1 0000 1 0000 0  6670 ooooo 06050 10000
Mott Flow KMOUHR 4.0000 5.8530 0.7710 5.8530 5.3430 5.8530 0.7710 4.7720 4 0000 0.9670 26000 3.8040 26000
M m  Flow KG/HR 72.0610 162.3250 13.8900 162.3250 154.1430 162.32S0 13.8900 65.9600 72.0610 17.4300 468400 68.5300 468400
M m  flow  KG/SEC 00200 0045D 00040 00450 00430 00450 00040 00240 00200 00050 00130 00190 00130
M n tF k iw  KG/SEC 0.0200 0.0450 00040 0.0450 0.0430 0.0450 0.0040 0.0240 0.0200 0.0040 ooooo 0.0120 00130
M m  Flow KG/SEC 0.0000 0.0000 ooooo 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0010 00130 0.0080 ooooo
VolumaFtowCUMMl 17.1890 4996980 2 3310 350 4840 1306940 492.9270 1.8560 11.4780 96200 20200 OQSBO 5 5710 62530
Enthalpy MMKCAUHR •02140 -00730 •00430 •00080 ooooo •00740 -00440 •02700 •0 2260 •00560 •0(700 -02280 •01470
Osnwty GM/CC 0.0040 0.0000 0.0060 0.0000 0.0010 0.0000 0.0070 0.0070 0.0070 0.0090 0B040 0.0120 00070
Mott Flow KMOLM?
CH4 ooooo ooooo ooooo ooooo ooooo ooaoo OOOOO OOOOO 0.0000 OOOOO ooaoo ooaoo ooaoo
CO 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 O.OOCO 00000 ooooo aoooo ooooo
003 ooooo 0.5100 0.0000 0.5100 0.0000 0.5100 0.0000 0.0000 0.0000 ooooo ooooo 0.0000 ooooo
H2 ooooo ooooo ooooo ooooo oooao oo ao o ooooo oooao ooooo ooooo ooooo ooooo ooooo
H20 40000 1.0200 07710 1.0200 ooooo ( 0200 07710 4 7720 4 0000 09670 26000 38040 26000
02 0.0000 0.1020 0.0000 0.1020 1.1220 0.1020 0.0000 0.0000 0.0000 0.0000 ooooo 0.0000 aoooo
M2 OOOOC 4.2210 o.oooc 4.2210 4.2210 4.2210 0.0000 0.0000 0.0000 0.0000 ooooo 0.0000 ooooo
Mo!t Frac
CH4 ooooc 0.0000 0.0000 o.oooc 0.0000 o.oooc 0.0000 0.0000 0.0000 0.0000 ooooo 0.0000 ooooo
CO o.oooc 380000 ooooo 38.0000 0.0000 38.0000 0.0000 0.0000 0.0000 0.0000 ooooo 0.0000 ooooo
C02 OOOOO 00870 ooooo 00870 ooooo 0 0870 ooooo ooooo ooooo ooooo ooooo ooooo oaooo
H2 ooooo 480000 ooooo 48 0000 ooooo 48 0000 ooooo oooao ooooo ooooo ooaoo n m n n ooooo
H20 1.0000 0.1740 1.0000 0.1740 0.0000 0.1740 1.0000 1.0000 1.0000 1.0000 10000 1.0000 1 ooco
02 0.0000 0.0170 ooooo 0.0170 0.2100 0.0170 0.0000 ooaoo 0.0000 0.0000 ooooo aoooo oooooM2 ooooo 0  7210 ooooo 07210 0  7900 07210 ooooo oooao ooooo ooooo ooooo ooooo ooaooHVtt JA<G -12455000 00 •1660600 00 •1292500000 •2268300 00 •23238 •189680000 •1313600000 •13136000 00 •13138000 00 •13409000 00 •15179000 00 •1394300000 •1313000000
CPW< J/KG-K 2188.2210 1308.9750 2099.5340 1217.6770 1013.0570 1305.2330 2109.1960 2109.1960 2109.1960 2543.4050 5369 9620 3366.4270 21091960
PCMX N/SQM 220550000000 7026780.0000 220550000000 7026780.0000 3745030.0000 7026780.0000 220550000000 720550000000 22055000 0000 22055000.0000 220560000000 T T n w m n n n nMWMX 180150 27 7340 100150 27.7340 288500 27.7340 180150 180150 180150 180150 100150 180150 180150
m  VAPOR PHASE m
M m  Flow KG/SEC 0.0200 00450 0.0040 0.0450 0.0430 0.0450 00040 0.0240 0.0200 0.0040 ooooo 0.0120 00130
Enthalpy J>KG •1245500000 •188060000 •1292500000 •2268300 00 •232 3B •1898800 00 •1313800000 •1313800000 •1313BOOOGO •1313BDQ000 0 00 •1313600000 .13130000 00
H a a lC n  J/KG-K 2188 2210 1308 9750 2099 5340 1217 6770 10130570 1305 2330 2109.1960 2109 1980 21091960 2109 1960 oooao 2109.1960 21091960
CondvjctffjyWATT»VtK 0.0690 0.0740 0.0440 0.0540 0.0260 0.0730 0.0330 0.0330 0.0330 0.0330 ooooo 0.0330 00330
Dtnartr KG/COM 4.1970 0.3250 5.9620 0.4S30 1.1790 0.3290 7.49QQ 7.4900 7.4900 7.4900 ooooo 7.4900 74900V ucoU y N-SEC/SOM ooooo ooooo oooao ooooo ooooo ooooo ooooo ooooo ooooo ooooo ooooo OOOOO
Fuga<4v Cf
c m ooooo ooooc 0.0000 ooooo 0.0000 0.0000 0.0000 ooooo 0.0000 o.ooco n n rm n n m n 00000
CO ooooo 1 0000 ooooo 1.0010 ooooo 10000 oooao ooaoo oooao ooooo oooao ooaoo ooooo
C02 ooooo 10000 ooooo 10000 ooooo 1.0000 ooooo ooaoo ooooo ooooo ooooo ooooo ooooo
M2 0.0000 1.0000 0.0000 1.0000 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000 ooooo o.ocoo ooooo
K20 0.9990 1.0000 0.9650 1.0000 ooooo 1.0000 0.9360 0.9380 0.9360 0.9380 ooooo 0.9360 0936002 ooooo 10000 oooao to o m 09990 10000 ooaoo oooao ooooo ooaooN2 0.0000 1.0000 0.0000 1.0000 1.0000 1.0000 0.0000 ooooo 0.0000 0.0000 ooooc o.ocoo oooooP O W  N/SQM 220S50000000 7026780.0000 220S60000000 70267800000 3745030.0000 7026760.0000 22055000 0000 22055000.0000 22055000.0000 220550000000 n n rm 5 W K rm m m 220550000000
MWMX 180190 27.7340 100150 27.7340 28 8S00 27 7340 180150 160150 180150 180150 ooaoo 180150 180150
*•" UOUO PHASE
Mass Flow KG/SEC 0.0000 ooooo 0.0000 0.0000 OOOOO 0.0000 0.0000 0.0000 OOOOO 0.0010 00130 0.0080 oooooEnthalpy J/KG 0.0000 ooooo 0.0000 0.0000 ooooo 0.0000 0.0000 0.0000 ooooo •1517900000 •15176000 00 ooooo
Hail Cap J/KG-K oooao ooooo ooooo ooaoo ooooo ooooo ooooo ooaoo ooooo 53699620 5369 9820 53699620 oaooo
CflPduclfrtvWATT.M-K 0.0000 ooooo ooooo 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.6660 06660 0.6660 oooooDensity KG/CUM 0.0000 ooooo ooooo 0.0000 0.0000 0.0000 ooooo ooooo 0.0000 803.7730 003 7730 803.7730 ooooo
VtseaKv N-SEC/SOM 000QD ooooo ooooo ooooo ooooo ooaoo ooooo ooooo 00000 oooao ooooo n n r m ooaoo
Surface Ten NM ooooo ooooo ooooo ooooo ooooo ooooo ooooo ooooo ooooo 00150 00150 00150 ooaoo
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STREAM ID to W1 XMEA XWAT 1 2 33B be 1 5 6 7 8| 9 10I0B IIIIC 19 20NAME WATERWATER MAKEUP G7WETITREATEDAM1NEH2C BOTOMJH20 FLASH ACID GAS MEAMAKEUP MEAPHASE LIQUIDUQUIDUQUIDUQUIOMIXED VAPORUQUID UQUIDUQUIDLIQUIDVAPOR UQUIDMIXFD VAPORUQUIDLIQUIDUQUIDUQUIDUQUIDUQUIDUQUID
FLUD RATES, K6-M0UHR
1C02 0 0 0 0 0.9193.79E-05 0.6275 0.6275 0.6275 1.5165 3.15EU3 1.5133 1.5133 0.9158 06775 0 6775 0 0.6275 06275 0 02 CO 0 0 0 0 0.024.06E-08823E-068.23E-068.23E06 08? 3.27E-01 0.0197 0.0197 0.0197873F-86R73F-86 0R73F416873F-TI6 0 03 METHANE 0 0 0 0 0.061 0.0607323E-183.23E-18373F-I82.84E-8! 2.72E011.27E-051.27EU51.27E05373F-18323F-1R 0373F-18323F-1B 0 04 H2 0 0 0 0 3.7364 3.71733.38E-163.38E-163.38E-16 0.0191 0.0181I07F-61167F4T3187FH333PF-163 38F-16 03 38F-16338E-16 8 85 PROPANE 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 86IBUTANE 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 87 BUTANE 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 081PENTANE 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 09 PENTANE 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 010 HEXANE 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 01 HEPTANE 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 612 H20 mm 0.1331 013HI.613 0.0276 00206 18.2169 1B.2169 18.2169 18.2239 604E-03 18.2178 18.2178 0.1313 18(1835 188835 0 188635 188635 0 013MEA 0 0mm 0 06.30E-05 3.5677 3.5677 3.5677 35676 7.83E06 35676 3.56765.83E-13 3.5676 3.56767.08E-05 3.5677 35677 907,184788F-85
TOTAL RATE.KG-MOUHR WM 0.133190/.I8391360.613 1.764 3.7987 22.1121 22.4121 22.4121 23.3774 0.0279 23.3495 23.3195 1.0709 22.2787 22.27877.O0E-O522.2787 222787 907,1847 08F-05
TEMPERATURE. C 93.3331 93.3334 32.2222 93.3334 13 48.1433 18.1111 663771 OO.twa699653 69.7295 69,7295 958615 1886891897.383 76 6667 37777? 76 6661 655556 37777? 37777?PRESSURE.ATM mu 1UAJ3 1.0517 1.0083 15.352 15.011 15.011 15.011 1.0003 15351? 10955 IIBffi 18955 0.9186 11988 11988 1,0517 18863 18863 18517 10547ENTHALPY, MKI/HR 9.6/699.39E-01 1.106 9.5/59 0.0623 0.0196 0.0357 m 0.0716 0.0481 6.15E01 0.0478 0.1149 0.0197 0.163 mm3 78F-87 nim) 00736 4186370FA7MOLECULAR WEIGHT 18.015 18.015 61.083 18.01532.5264 29.7811 25.5987 755987 75 5987 763388 28.9513 26.3277 26.3277 185576 25611 25614 61861 256111 256441 61863 61883M01EFRACVAP0R 0 0 0 0 0.9997 1 0 0 0 0 1 0 0.0151 1 0 0 0 0 0 0 0MOLE FRAC LIQUID 1 1 1 12.52E-04 0 1 1 1 1 0 1 0.9816 0 1 1 1 1 1 1 1
Conventional Process Simulation Results (Amine Separation Part)
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
w
ithout perm
ission.
B80 — 16
S tac k  G ase s M ethanatorM ethane
B19B3 P ro d u c t G a se s
O a se s
B10B6Air Feed
26
C yclone
S3 B5
O a se s
C yclone
Solids
R eform er
W
R e g e n e ra to r
S olids
S o lids R ecyc le
APDH Process Simulation Diagram
1 2 3 5 6 7 e
S u b a traam : MIXED
Mola Flow  k m o I/hr
CH4 1.000 0.000 0 .1 15 0 .115 0 .000 0 .1 23 0 .0 0 0
H 2 0 0 .0 00 4.000 2 .407 2.407 0 .000 0 .007 2.411
CO 0 .0 00 0.000 0 .0 03 0 .003 0 .000 0 .0 00 0 .0 0 0
0 0 2 0 .0 00 0.000 0 .004 0.004 0.000 0 .0 00 0 .0 0 0
K2 0 .0 00 0.000 3 .3 63 3 .363 0 .000 3 .336 0 .0 0 0
CAO 0 .0 00 0.000 0 .0 00 0 .000 0 .000 0 .0 00 0 .0 0 0
C A C 03 0 .0 00 0.000 0 .0 00 0 .000 0.000 0 .0 00 0 .0 0 0
M OO 0 .0 00 0.000 0 .0 00 0 .000 0 .000 0 .0 00 0 .0 0 0
0 2 0 .0 00 0.000 0 .0 00 0 .000 0 .000 0 .0 00 0 .0 0 0
N3 0 .0 00 0.000 0 .0 0 0 0 .000 0 .000 0 .0 00 0 .0 0 0
ALUMI-OI 0 .0 00 0.000 0 .0 00 0 .0 00 0 .000 0 .0 00 0 .0 00
Ml 0 .0 00 0.000 0 .0 00 0 .000 0 .000 0 .0 00 0 .0 00
NIO 0 .0 00 0.000 0 .0 00 0 .000 0.000 0 .0 00 0 .0 00
Mol* F rac
CH4 1 .000 0 .000 0 .0 20 0 .020 0 .000 0 .0 36 0 .0 00
H 3 0 0 .0 00 1.000 0 .4 08 0 .408 0 .000 0 .0 02 1.000
CO 0 .0 00 0.000 0.001 0.001 0 .000 0 .0 00 0 .0 00
C 0 2 0 .0 00 0 .000 0.001 0.001 0 .000 0 .0 00 0 .0 00
M3 0 .0 00 0 .000 0.671 0.671 0.000 0 .9 62 0 .0 00
CAjO 0 .0 00 0 .000 0 .0 00 0 .000 0.000 0 .0 00 0 .0 00
C A C 0 3 0 .0 00 0 .000 0 .0 00 0 .000 0 .000 0 .0 00 0 .0 00
MOO 0 .0 00 0.000 0 .0 00 0 .000 0 .000 0 .0 00 0 .0 00
0 2 0 .0 00 0 .000 0 .0 00 0 .000 0 .000 0 .0 00 0 .0 00
N2 0 .0 00 0 .000 0 .0 00 □ ooo a ooo o.aaa □.ooo
ALUMI-O! 0 .0 00 0 .000 0 .0 00 o ooo 0 .000 0 .0 00 0 .0 0 0
Ml 0 .0 00 0.000 0 .0 0 0 o ooo 0 .000 0 .0 00 0 .0 0 0
NIO 0 .0 00 0.000 o ooo 0 .000 0.000 o ooo 0 .0 0 0
Total Flow  km ol/hr 1 .ooo 4.000 6 .8 9 2 6 .092 o ooo 3 .4 66 2.411
Total Flow  k a/h r 16.043 72.063 6 2 .26 9 52 269 0.000 8 .827 43 .44 2
Total Flow  cum /hr 1 .690 0.073 29 .037 29.038 0 .000 6 076 0 .0 44
T am oaralu ro  C 26.000 26.000 6 6 0  OOO 660 .006 30  OOO 3 0 .00 0
P ra a a u rs  b ar IS . 199 16.199 15.199 IS .199 16.000 16.000
V a o o r F rac 1.000 0.000 1 OOO 1.000 1 OOO 0 .0 0 0
Liauld F rac 0 .0 00 1 .ooo 0 .0 00 O OOO 0.0 00 1 .ooo
Solid F rac 0 .0 00 0.000 O OOO O OOO 0.0 00 0 .0 0 0
E n thalov  kcal/m ol •17.869 •69.030 -19.131 -19 131 -0 716 •68.926
E nthalo  v k cal/ka -1 113.223 -3831.760 -2166 .660 -2168 656 -200.026 -3826 .993
E n thalov  M M kcal/hr -0.018 -0.278 -0 .113 -0.113 -a 002 •0 .166
E n troov  cal/m oFK -24 .700 -40.898 0.21 1 0  211 -6 6 1 3 -40 .662
E n tro ev  eal/om -K -1.646 -2.270 0 .0 24 O 024 -2.204 -2.261
O anartv km ol/cum 0 .8 29 66.148 0 .1 97 0.197 0 .6 90 6 4 .88 0
O enaitv  k a/cum 10.091 993.616 1.762 1 752 1 .602 9 08 .6 78
A varaae  M W 10.043 18.016 0  871 8.071 2 .647 18.016
Lia S/ol EOF cum /hr 0 .064 0.072 0 .2 30 0 .230 o ooo 0 .1 86 0 .0 44
—  V A PO R  P H A S E  —
E nthalov  ca l/am -1113 .223 -2160 .660 -2166.656 -280.826
CPMX ca l/anv K 0 .6 66 0 .944 0.944 2 .7 36
KMX kcal-m/hr-aqnrvK 0 .0 29 0 .2 09 0 .209 O 147
UQUID P H A S E  —
E n th a lev -3831 .760 -3826 .903
CPMX 1 .164 1 .164
KMX 0.521 0 .6 27
S u b  afro a m ’ ITOTAL
Total Flow kg/hr 16.043 72.083 3 12 .9 98 62.269 2 60  728 8  837 43 .44 2
E n lhalnv  M M kcal/hr -0.018 -0.276 -0 .876 -0.113 •0 7 6 2 •0.002 •0 .166
S u b a traam : CISOLJD
Mola Flow
GH4 0 .0 00 0.000 0 .0 00 O OOO 0.000 0 .0 00 0 .0 0 0
H 2 0 0 .0 00 0.000 0 .0 00 0 .0 00 a.ana 0 .0 00 0 .0 00
CO 0.0 00 0.000 0 .0 00 O OOO 0.000 0 .0 00 0 .0 0 0
0 0 2 0 .0 00 0.000 O OOO O OOO a.ooo 0 .0 00 0 .0 0 0H2 0 .0 00 0.000 0 .0 00 O OOO 0.000 0 .0 00 0 .0 0 0
CAO 0.0 00 0.000 0 .8 73 0 .000 a.873 0 .0 00 0 .0 00
C A C 0 3 0 .0 00 0.000 0 .8 77 0 .000 0 .877 0 .0 00 0 .0 00
MOO 0.0 00 0.000 1 .760 0 .000 1.760 0 .0 00 0 .0 00
0 2 0 .0 00 0.000 0 .0 00 0 .000 0 .000 0 .0 00 0 .0 00
N2 0 .0 00 0 .000 0 .0 0 0 0 .000 o ooo 0 .0 00 0 .0 00
ALUMI-01 0 .0 00 0 .000 0 .4 26 0 .000 0 .425 0 .0 00 0 .0 00
Nl 0 .0 00 0.000 0.173 o ooo 0 .173 0 .000 0 .0 0 0
NIO 0 .0 00 0 .000 0 .0 00 0 .000 0 .000 0 .0 00 0 .0 0 0
Mola F rac
CM4 0 .0 00 0 .000 O OOO o ooo o ooo o ooo 0 .0 0 0
H 2 0 0 .0 00 0 .000 o  OOO 0.000 0 .000 0 .0 00 0 .0 0 0
CO 0 .0 00 0 .000 0 .0 00 0.000 a  ooo 0 .0 00 0 .0 0 0
C 0 2 0 .0 00 0.000 0 .0 0 0 0 .000 0 .000 0 .0 00 0 .0 00
M2 0 .0 00 0.000 0 .0 0 0 0 .000 o ooo 0 .0 00 0 .0 00
CAO 0.0 00 0.000 0 .2 13 0 .000 O 213 0 .0 00 0 .0 0 0
CACOS 0 .0 00 0.000 O 214 0 .000 0.214 o ooo 0 .0 00
MGO 0.0 00 0.000 0 .4 27 o ooo O 427 0 .0 00 0 .0 00
0 2 0 .0 00 0 .000 O OOO o ooo o ooo o ooo 0 .0 0 0
N2 0 .0 00 0 .000 O OOO 0.000 o ooo o ooo 0 .0 00
ALUMUOI 0 .0 00 0 .000 0 .104 0 .000 0.104 0 .0 00 0 .0 00
Nl 0 .0 00 0 .000 0 .0 4 2 o ooo a 042 0 .0 00 0 .0 00
NIO 0 .0 00 0.000 0 .0 0 0 0 .000 o ooo o ooo 0 .0 00
Total Flow  km ol/hr 0 .0 00 0.000 4  098 0 .000 4 098 o ooo 0 .0 0 0
Total F law  ka/hr 0 .0 00 0.000 260  728 o ooo 260 728 0 .0 00 0 .0 0 0
Total F low  cum /hr 0 .0 00 0.000 0 .0 73 o ooo 0 0 7 3 o ooo 0 .0 0 0
T am p ara iu ra 6 50 .0 00 650  005
P ra a a u re  b ar 15.199 15.199 15.199 15.199 15.000 15.000
N/ajjor F rac 0 .0 00 0 .000
Clautd F ree 0 .0 00 o ooo
Solid F rac 1 .ooo 1 ooo
Enlhalnv -186 .008 • 106 008
Enthalpy -2923 .398 -2923 396
E n thalov -0 .762 -O 762
Entroov -1 9  5 5 6 -16.793
Entroov .0  307 -O 264
56 .23 2 56  232
D anahv 3577.871 3577.071
A varaaa M W 6 3  627 63  627
t-io N/ol 6 0 F
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9 to 11 12 13 14 15 16
Sub«trnarr>- MIXED
Mole Flow kmol/hr
CH4 0.307 o.ooc 0.000 0.000 o.ooc 0.000 i.ooc 1.387
M20 0.000 0.77k 0.000 0.774 o.ooc 0.000 4. OOC o.ooc
CO 0.000 0.000 0.000 O.OOC o.ooc 0.000 o.ooc o.ooc
COS O OOO 1.264 o.uuii 1.264 o  ooc o.ooa o ooc o.ooc
M2 0.000 o ooc o  ooo OOOC o  ooc o  ooc o.ooc o.ooc
CAO O.OOC 0.000 o o o c 0.000 o ooc 0.000 o ooc o.ooc
CAC03 o.ooc 0.000 o  ooo O.OOC o ooc o  ooo o o o c o.ooc
MOO 0.000 0.000 0.000 0.000 o.ooc o.ooc o.ooc o.ooc
0 2 0.000 0.066 0.000 0.086 0.947 0.947 o.ooc 0.000
M2 o ooc 3.561 o  ooc 3.561 3.561 3.561 o ooc 0.000
ALUMWJ1 o ooo o ooo o  ooo O OOO o oo c o  ooc o  ooc 0.000
Nl 0.000 0.000 0.000 OOOC o  ooc o.ooc o.ooc a .oao
NIO 0.000 0.000 o ooo 0 . 0 0 0 o  ooc o.ooc o.ooc 0.000
taol* Frae
CHd 1.000 o.ooc 0.000 0.000 o.ooc 0.000 0.20G 1.000
M20 0.000 0.136 0.000 0.136 oooc 0.000 o.eoo 0.000
CO 0.000 o ooc o  ooc O OOO o ooc a  ooc o ooc 0.000
C 02 o ooo O 222 o ooo O 222 a  ooc o.ooc 0.000 0.000
H2 0.000 o.ooc o o o c O.OOC o.ooc 0.000 o ooc o .aoo
CAO 0.000 o.ooc o ooo O.OOC o ooc 0.000 o  ooc 0.000
CAC03 0.000 o.ooc 0.000 O.OOC o.ooc 0.000 o.ooc o.ooc
MGO 0.000 o.ooc o.ooc 0.000 o.ooc 0.000 o.ooc o.ooc
0 2 o ooo O 015 o ooo O 015 O 21C O 210 o  ooc o.ooc
N2 o ooo 0.626 o.ooc 0.626 O 79C 0 .790 a  ooc o.ooc
ALUMUQ1 a.oac n.noo o.ooa o.ooa o.aoc o.ooa o.ooc o.aoc
Nl 0.000 o.ooa o ooo 0.000 o ooc 0.000 o ooc o.aoc
NIO 0.000 0.000 0 .000 0.000 o.ooc 0.000 o.ooc o.ooc
Total Flow kmol/hr 0.387 S.685 0.000 5.685 4.508 4.508 S.OOG 1 >367
Total Flow ka/hr S 209 172.096 o  ooc 172 095 130. OSC 130.050 88 108 22.251
Total Flow cum/hr 0.616 38.712 o  ooo 38.712 18 900 1 10.266 12947 2.205
TamDsralura C 2SOQG 971 664 971.664 480.789 26 OOO 221 116 26.000
Praaaura bar 16.199 16.199 16.199 16 199 1.013 16 199 16.199
V io or Frae 1.000 1.000 i.ooa 1.000 1.000 1.000 1.000
Uauld Frae 0.000 0.000 0.000 o.ooc 0.000 0.000 0.000
Solid Frae 0.000 o.ooa 0.000 0.000 o.ooa o ooo 0.000
Enlhalnv kcal/mol -17.869 -20 538 -20 538 3 350 •0.002 -48 734 -17.859
Enthalpy keat/ka -1113.223 •678.604 •678.604 116 122 •O 066 -2737 326 -1113.223
Enthalpy MMkcal/hr •0.007 -O 117 -0 117 0.016 0.000 •0.241 43.026
Entropy eat/mol-K -24.760 7 297 7.297 2.361 1.016 -12.623 -24.700
Entropy cat/om-K -1.546 0.241 0.241 0.002 0.035 -0.716 -1.545
Danaitv kmoi/cum 0.629 0.147 0.147 0.239 0.041 0.386 0.829
Density ko/cum 10 091 4 446 4 448 8  881 1 179 6 805 10.091
Awnrode MW 16 043 30 270 30 270 28 850 28.850 17 621 16.043
l_ia Val 6QF cum/hr 0.021 0.277 o ooo 0.277 U 241 0.241 0.126 0.074
—  VAPOR PHASE —
Enthalpy eal/om -1113.223 -670.504 -678.221 116.122 -0.056 -2737.325 -1113.223
CPMX cat/arrvK 0.555 0.319 0.320 0.263 0.242 0.534 0.555
K M X  kc»km/hr-9om-K 0 02 9 0.074 O 074 O 048 0.022 O 035 0.029
—  LIQUin PHASE —
Enthalpy
CPMX
KMX
Subatraam : STOTAL
Total Flow ka/hr 6.209 396.987 224.892 .172.095 130.050 130.050 88.106 22.251
Enthalpy MMkcal/hr -0.007 -a 754 -0.637 -0.1 17 O 015 o ooo -O 241 -0.025
Subatraam* CISOLJD
Mola Flow
CH4 o OOO Q OOO 0.000 O OOO O OOO 0.000 0.000 0.000
H 20 0.000 0.000 0.000 0.000 0.000 0.000 o.ooa 0.000
CO 0.000 0.000 0 .000 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0.000
C 02 0-000 a ooo o.oob 0.000 O  OOO 0.000 o.ooa 0.000
H2 0.000 0.000 o  ooo O OOO o.ooa 0.000 0.000 0.000
CAO OGOO 1.760 1.760 0.000 O OOO 0.000 0.000 0.000
CAC03 o ooo a.ooo □ ooo 0.000 0.000 0.000 o ooo 0.000
MOO 0.000 1.750 1.750 0.000 0.000 0.000 0.000 0.000
0 2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
N2 0.000 o ooo 0.000 o ooo o ooo 0.000 0.000 0.000
ALUMKJ1 0.000 0.425 0.425 o  ooo o ooo 0.000 o ooo □ ooo
Nl o ooo 0.000 0.000 0.000 O OOO o ooo 0.000 0.000
NIO 0.000 0.173 0.173 0.000 0.000 0.000 0.000 o.aoo
Mola Frac
CH4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
H 20 0.000 o.ooa 0.000 0.000 0.000 0.000 0.000 0.000
CO 0.000 o ooo o ooo 0.000 o ooo o ooo o ooo 0.000
C 0 2 0.000 0.000 0.000 0.000 0.000 0.000 o ooo 0.000
H2 0.000 0.000 o ooo o ooo o ooo □ ooo o ooo 0.000
CAO aooo 0.427 0.427 o ooo o ooo o ooo 0.000 0.000
CAC03 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
MGO 0.000 0.427 0.427 0.000 0.000 0.000 0.000 0.000
0 2 o.ooc O OOO 0.000 0.000 o.ooa o ooo 0.000 a  ooo
N2 o ooo 0.000 o  ooo 0.000 o ooo o ooo o ooo 0.000
ALUMW31 0.000 0.104 0.104 0.000 0.000 0.000 o  ooo 0.000
Nl o ooo 0.000 aooo aooo aooo o ooo 0 .000 0 . 0 0 0
NIO 0.000 0.042 0.042 0.000 0.000 0.000 0.000 0.000
Total Flow kmol/hr 0.000 4.098 4.098 0.000 0.000 0.000 0.000 o .ooa
Total Flow ka/hr 0.000 224.892 224.892 0.000 0.000 0.000 0.000 0.000
Total Flow cum/hr 0.000 O 062 0 0 6 2 0.000 a o o o 0.000 o  ooo 0.000
Temporatura 971 664 971 554
Pressure bar 16 199 15.193 16.199 1G 199 1.013 16 199 16.199
Vaoor Frae aooo 0.000
Uauld Frae 0.000 0.000
Solid Frac 1.000 1.000
Enthalpy -165 400 -155 400
Enthalpy •2831.529 -2831 529
Enthalpy -0.637 -6.637
Entropy -10.363 -10.363
Entropy -0.189 -0.109
Danaitv 65.845 65.845
Density 3813.698 3613 696
Avarnaa MW 54 882 54 682
b a  Vo I 60 F
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17 20 22 23 24 25 26 28 31 S I S2 S3 S4
S ubstream : MtXEO
Mole Flow kmol/hr
CH4 0.000 0.000 0.115 0.000 0.000 0.000 1.000 0.000 0.123 0.123 0.123 0.387 0.123
H 20 4.000 0.774 2.407 4.000 0.774 4.000 0.000 0.774 2.419 2.419 2.419 0.000 2.419
CO 0 0 0 0 0 0 0 0 0  003 0 .000 0  000 0 0 0 0 0 0 0 0 0 0 0 0 0  000 0 000 0.000 0 0 0 0 0 0 0 0
C 02 0  000 0 0 0 0 0  004 0 .000 1.264 0 0 0 0 0 0 0 0 1 264 0  000 0 000 0.000 0 0 0 0 0 0 0 0
H2 0 0 0 0 0  000 3  363 0 .000 0 0 0 0 0 0 0 0 0  000 0 0 0 0 3 3 3 6 3 336 3  336 0 0 0 0 3 336
CAO 0 0 0 0 0 0 0 0 0  000 0 .000 0  000 0 0 0 0 0 0 0 0 0 0 0 0 0  000 0 000 0.000 0  000 0 0 0 0
CA C03 0 0 0 0 0  000 0  000 0 0 0 0 0  000 0 0 0 0 . 0 0 0 0 □ 000 0.000 0 0 0 0 0.000 0 0 0 0 0 0 0 0
MOO 0 0 0 0 0 0 0 0 0 000 0.000 0  000 0.000 0 0 0 0 0 0 0 0 a o o o o .ooa 0.000 0 0 0 0 0  000
0 2 0 .000 0.066 0.000 0 .000 0.086 0.000 0.000 0.066 0.000 0.000 0.000 0.000 0.000
N2 0.000 3.561 0.000 0.000 3.561 0 .000 0 .000 3.561 0.000 0.000 0.000 0.000 0.000
ALUMt-01 0.000 0.000 0.000 0.000 0 .000 0.000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000
Nl 0.000 0.000 0.000 0 .000 0.000 0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0 0 0 0
NIO 0.000 0.000 0.000 0 .000 0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mole Frac
CH4 0.000 0.000 0.020 0 .000 0.000 0.000 1 000 0.000 0.021 0.021 0.021 1.000 0.021
H 20 1 000 0.136 0  408 1.000 0  136 1.000 0 0 0 0 0.136 0.412 0 412 0.412 0 0 0 0 0 4 1 2
CO 0 0 0 0 0  000 0  001 0 .000 0  000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  000 0 .000 0 0 0 0 0 0 0 0
C 02 0  000 0.222 0.001 0.000 0.222 0 0 0 0 0  000 0.222 0 0 0 0 0 000 o .aoo 0.000 0 0 0 0
H2 0  000 0.000 0.571 0 .000 0.000 0  000 0 0 0 0 0  000 0 5 6 8 0  568 0.568 0 0 0 0 0 5 6 8
CAO 0 0 0 0 0 000 0  000 0 .000 0 .000 0 0 0 0 0 0 0 0 0 0 0 0 0  000 0 000 0.000 o o a o 0 0 0 0
CA C03 0 0 0 0 0 0 0 0 0  000 0 .000 0 0 0 0 0  000 0.000 0 0 0 0 0  000 0 0 0 0 O.OCQ 0 0 0 0 0.000
MOO 0.000 0.000 0.000 0 .000 0.000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0 2 0.000 0.015 0.000 0 .000 0.016 0.000 0.000 0.015 0.000 0.000 0.000 0.000 0.000
N2 0.000 0.626 0 .000 0.000 0.626 0.000 0.000 0.626 0.000 0.000 0.000 0.000 0.000
ALUMI-01 0.000 0.000 0.000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0 .000 0.000 0.000
Nl 0.000 0.000 OOOQ 0.0 0 0 0 ,000 0 .0 0 0 0 .000 0 .000 0.000 0 .000 0.000 0.000 0.000
NIO 0.000 0.000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total Flow kmol/hr 4 0 0 0 5.685 5.892 4.000 5.685 4.000 1.000 5.685 5.877 5.877 5.877 0.387 5.877
Total Flow kg/hr 7 2 0 6 3 1 7 2 0 9 5 52  269 72.063 1 7 2 0 9 5 7 2 0 6 3 16 043 1 7 2 0 9 5 52.269 52 269 52.269 6 2 0 9 52 269
Total Flow cum /hr 5  290 402 128 21.693 10.868 227.434 2 0 1 6 2 195 217.201 11.116 21 881 11.015 0  862 5 843
Tem perature C 198 848 577 281 398  848 249.324 208.000 198 848 130 000 186.392 147 000 406 386 146.294 136.000 30 000
P ressu re  bar 15 199 1 000 15.199 15.199 1.000 15 199 15 199 1.000 15.199 15.199 15.199 15 199 15 199
Vapor F rac 0 5 4 6 1 000 1.000 1.000 1.000 0 2 0 2 1 000 1.000 0  822 1.000 0 8 1 6 1 000 0.590
Uauid Frac 0  454 0 0 0 0 0  000 0 .000 0 .000 0.796 0 0 0 0 0  000 0.178 0 000 0.1B4 0 0 0 0 0  410
Solid Frac 0 .000 0.000 0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Enthalpy kcal/m ol •60.521 •24.211 •21.180 •56.073 •27.340 •63.630 •16.877 •27.513 •24.971 •21.234 •25.040 • 16817 •28.702
Enthalpy kcat/kg •3359.404 •799.841 •2367.603 •3112.515 •903.223 •3526.916 •1052.000 •908.930 •2807.854 •2307.572 •2815.57 •1048.27 •3227.32
Enthalpy MMkcat/hr •0.242 •0.138 •0.125 •0.224 •0.155 •0.254 -0.017 •0.156 •0.147 •0.125 •0.147 •0.007 •0.169
Entropy cal/mol>K •20.959 9.161 •2.376 •11.584 4.359 •27.352 •21.965 3.992 •10.110 •2.360 • 10.274 •21.018 •19.96*
Entropy cal/gnvK •1.163 0.303 •0.268 •0.643 0.144 •1.518 •1.369 0.132 •1.137 •0.265 •1.155 •1.360 •2.245
D ensity kmot/cum 0 7 5 6 0  014 0 272 0.368 0  025 1 985 0  456 0  026 0 529 0 269 0  534 0  449 1 006
D ensity kq/cum 13 623 0.428 2.410 6 .630 0 7 5 7 35.754 7.310 0 7 9 2 4.702 2.389 4.745 7.199 8 9 4 5
Averaqe MW 1 8 0 1 5 30 270 6 871 18.015 30  270 1 6 0 1 5 1 6 0 4 3 3 0  270 8.893 8 893 8.893 16 043 8  693
U qV ol6Q F  cum /hr 0 0 7 2 0  277 0 2 3 0 0 .072 0.277 0  072 0  054 0 2 7 7 0 2 2 9 0  229 0.229 0  021 0  229
—  VAPOR PH A SE
Enthalpy eat/gm •3137 645 •799 841 •2387 603 -3112.515 •903.223 •3137 845 •1052 000 •908 930 -2310 558 •2387 572 -2293 77 •1040.27 •280244
CPMX cal/orrvK 0.504 0 295 0  098 0.501 0.265 0  504 06 1 S 0 2 6 3 1 007 0 890 1.099 062 4 2  737
KMX kcat-m/hr<som-K 0.029 0.053 0.152 0 .033 0.031 0.029 0.043 0.029 0.117 0.153 0.118 0.044 0.147
—  UOUID PHA SE —*
Enthalov •3625.443 •3625.443 •3689.536 •3690.36 •3825.99
CPMX 1.203 1.203 1.201 1.200 1.164
KMX 0.573 0.673 0.58S 0.569 0.527
S ubstream ; $TOTAL
Total Flow kg/hr 72  063 172 09S 52 269 72.063 172.095 72  063 16 042 172 095 52 26S 52 26S 52.269 6  2GS 52 269
Enthalpy MMkcal/hr •0 2 4 2 •0 136 •0 125 •0.224 *0 155 •0 254 -0 017 •0 156 •0 147 •0 125 •0.147 41007 •0.169
APDH Process Simulation Results
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Regenerator In Out Generated Diff Compressor!
MolFlow kmol/hr 8.9924729 9.7831294 0.7906565 O.OOE-tflO Indicated Hosepower 17.571619 KW
Mass Flow kg/hr 396.98707 396.98707 •1.15E-15 Breake Horsepower 17.571619 KW
Enthalpy MMkcal/hr -0.7636299 •0,7535663 -0.0011062 N etW ork Required 1.76Ef01 KW
Heat Duty MMkcal/hr 0 Efficiency 0.72
Outlet Pressure 15.19875 Bar
Reformer In Out Generated Diff Ootlet temperature 488.78892 oC
MolFlow kmol/hr 9.0978333 9.9899698 0.8921365 1.03E-15 Isoentropic Outlet Temp 363.29365 oC
Mass Flow kg/hr 312.99771 312.99771 1.82E-16 Vapor Fraction 1
Enthalpy MMkcal/hr -0.8779748 •0.8749525 -3.44E-03
Heat Duty MMkcal/hr 3.02E-03
Compressor In Out D'rff Turbine
MolFlow kmol/hr 4.5077396 4.5077396 O.OOEtOO Indicated Hosepower •24.28528 KW
Mass Flow kg/hr 130.05008 130.05008 O.OOEfOO Breake Horsepower •24.28528 KW
Enthalpy MMkcal/hr -7.22E-06 0.0151019 -1.00E+00 NetW ork Required •24.28528 KW
Efficiency 0.72
Turbine In Out Diff Outlet Pressure 1 Bar
MolFlow kmol/hr 5.6853961 5,6853961 O.OOE+OO Oollet temperature 577.28112 oC
Mass Flow kg/hr 172.09504 172.09504 O.OOEfOO Isoentropic Outlet Temp 413.60788 oC
Enthalpy MMkcal/hr -1.17E-01 •0.1376507 1.52E-01 Vapor Fraction 1
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Subttraam * tvUXEO
Mole Flew kmol/hr
C H i C O 0469096 O 04691 c O 0092697 1.0GE-07 a  52 C
H 20 4 0001 2-113717 2.113717 c 0.0388461 2.139802 c c
CO c 0.0197974 O 019797 c 8 8126-0* O OE-*OC c t
C 0 2 c 0  022615: 0.022615 c 4 37966-06 1 616-OG c 10 0106*
H2 c 3  792684 3.792684 c 3.64291- 8 99E-07 c C
CAO c C C c C G c O
CACQ3 c c C G c G c c
MOO c c c c c G c c
0 2 c c c c c G c 3.O0E-1 1
N2 c c d c c G c C
ALUMW31 c t c c c G c C
Nl c c c c c G c c
NIO c c c G c G c c
Mole Free
CH4 c 7 82E-OC 7.82E-OC G O 0236721 4.93E-OG 1 0
H 30 1 0.3625446 0.362546 G 0.010301 1 c 0
CO c 3.30E-0? 3.30E-02 G 2.36-06 O.OE*OG c 0
CQ2 c 3.77E-0: 3.77E-Q2 C 1 2E-OS 7.51 E-1G c •1
H 2 c O 6325676 O 632556 G 0  96601 26 3 27E-07 G 0
CAO c C G 0 G d 0 0
c a c «±>3 c c C C C O G c
MOO c c C c C O G c
0 2 c a G c C a G 2 83E-12
N3 c c G 0 G a G C
ALUMM31 c c G 0 G o G O
Nl G o O o G O G a
NIO G G O o G O G 0
Total Flow kmol/hr <4.000-! 5.995603 5.995603 a 3.77100 2.139003 0.53 10.91060
Total Flew ko/hr 77.06293 48 02694 40 02694 o 9  477003 30 54914 0.502663 400 1760
Total Flew cum /hr 161 40 “W b ft/5 3 G 3 1 3 2 4 6 ft O 030991 12 94421 S 7 i  4 ^ 4 7
VamoaraiLira C 649 95^4 36 25 ££
P re ssu re  ber 3.03975 3.03975 16.19875 3.03975 3 03975 1 01325 3.03975
V apor Free G 1 1 1 a 1 1
LJauid Free 1 G G C 1 G C
Solid Free G C O c 0 G C
Enlhalov kcal/mol *69.0267 -16.1400: >16.13956 •0.9821631 -60.93169 -17.0020 -02.77356
Enthalov kcal/ka *3632.064 -2014.694 -2014.036 -390.7044 -3026.291 -1109.709 -1000.790
EnthalDV MMkcal/hr -0.276154 -0.0967705 -0.096760 -3.70E-Q3 -0.147502 -9.44E-CJ2 -0.903129
Entroov cal/mol-K •40.09362 4 060696 0.060334 -2.296351 -40 54773 •19 26027 14.66976
Gntronv e a l/a n v k 73/5£§3a i O 6079292 0.100401 -0.9136046 -t>  250742 -1.200550 6  4333296
Danaltv km ol/eum 5 § . i4 Q 4 3 0  0395001 D.ib743b 0 .1 203092 54 OOOI1 0 .0409449 0.6293728
Denaitv ko/cum 993.5145 O 3170514 1.581533 0  3025726 988.6802 0.6568698 1.292693
Avnraaa MW 18.0-1528 S.0103S1 8 010361 2.513286 18.01527 16.04276 4 4  0096
Lia Vo I 60F cum /hr 0.072202 0.2460679 0.246068 O 0.2005914 O 038623 0  0283866 0.6843619
—  VAPOR PH A SE *—
Enlhalov -2014.694 -2014.836 -390.7044 -1109.709 -1060.79C
CPMX 1.013735 1.015679 2.760394 0.6326636 0.3002216
KMX 0.2266774 0.226666 0.1467135 0 .0294049 0.0691930
— ' UOUIO PH A SE —
EnthalDV eal/qm *3032.064 -3026 291
CPMX eal/anvK 1 154005 1 154003
KMX kcal-m /hr-aam 0.521324 O 527225
Substream : STOTAL.
Total Flaw ka/hr 72.06292 240  4179 48 02694 192.3909 9.477803 38.54914 8 .602663 632.489
Enthalov M M kcal/hr -0.270164 -O 6690266 -0.096768 -0.562269 -3.70E-03 •0.147602 •9.44E-03 -1 333109
Subatraam : CISOLJD
Mole Flow
C H i O O O O O O O O
H 20 O O O O O O O O
CO a a a O a a a O
c o i o o o O o 0 O O
H2 o o o O o a 0 O
CAO o O 2893224 o O 2893224 o 0 0 1 2
CA C03 o 0.9106776 o 0.9106776 o 0 0 O
MOO a 1.2 □ 1 .2 o 0 O 1 2
0 2 o O o O o 0 O O
N2 o O o O o 0 0 O
ALUMM31 o 0.2911510 G 0.2911510 o 0 0 0.2911510
Nl o 0 . 1 1B722S O 0.1107225 o 0 0 0 .1 187225
NIO o O o O o 0 0 O OOE-tOO
Mole Frac
C H i o O o O □ 0 O O
H 20 o O o O a 0 O O
CO o O O O o 0 O O
C 0 2 □ O o O o 0 O O
H2 o O o O o 0 a O
CAO o 0.1029663 o 0.1029663 a 0 0 0.4270664
CA C03 o 0.3240991 o 0.3240991 o 0 0 O
MOO o 0.4270654 o 0.4270654 o 0 0 0.4270054
0 2 o O o O o 0 0 O
N2 o O o o o 0 a O
ALUMW51 o 0 . 1036174 o 0.1036174 o 0 0 0 . 1036174
Nl a O 0422518 o O 0422516 o 0 0 0.0422518
NIO o b o O a 0 0 O 00E-+O0
Total Flow kmol/hr o 2  809674 o 2 009874 o 0 0 2 809074
Total Flow ka/hr o 192 3909 o 192.3909 o 0 0 162 3122
Total Flow cum /hr o 0.0539665 o 0.0539066 o 0 0 0.0421539
Tam oatalura 650 649.9534 971.55
Praaaure bar 3 .03975 3.03975 15.19075 3.03975 3.03975 1.01325 3.03975
V aoor Frac O O O
Llauld Frae O O O
Solid Frae 1 1 1
Enthalov •200.0972 -200.0982 -153 0441
Enthalov -2922.424 -2922.438 -2023 376
Enthalov -0.6822669 -0.682269 -0.430041
Entroov -22.04697 •19.4046 -9.680217
Entroov -0.3219966 •0.203403 -0.176616
Oanaltv 52.04763 52.04763 66.65739
Danaitv 3563.60 3563.60 3613.234
Avaraaa MW 60.46959 60.46959 54.20605
U a  Vol SOF
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1 1 13 14 16 16 17 20 22
S u b itrao m : MIXED
Mol* Flow  km ol/hr
CH4 C C C 1 1 a o 0 .0 4 6 9 0 9 6
W20 c G c 4 0 0 0 1 0 4.0001 1 08 2 .1 13 71 7
CO c G c O c G aOOF-MTC O 019 79 74
C 0 2 O O c o G G 0 . 5 3 0 .0 2 2 6 1 5 3
H3 G G G o G G O OOE-KX 3 .7 9 2 6 6 4
CAO G G G G G G c d
C A C 03 G G G G C G G o
MOO G G C G c G G o
0 2 G 1 166 1.166 O G O a  t o e o
IM2 G 4.365361 4.386381 a O G 4.306301 o
ALUMM31 G G G o c G C o
Nl G G G G c □ c □
NIO d b G o o O G o
Molo F rac
CH* 6 d G 0.199996 1 G d 7  8 2 6 - 0 3
H 20 G G G 0.600004 G 1 0 .1742739 0 .3 5 2 5 4 4 5
CO a G G O G G O.OOEsOO 3  3 0 6 - 0 3
0 0 2 G G G a G G 0.0671389 3 .7 7 E-03
H2 o O G o O O OOOE-*OQ 0 .6 3 2 5 5 7 5
CAO a o G o O O G O
CACD3 G o G G G G G □
MGO O o G o a G C O
0 2 o 0.21 0.21 o G a 0 .0174273 O
N2 G 0 .7 9 0 .7 9 o o a 0.721 1618 O
ALUMWD1 C O G o G G G O
Nl G O o o G O O O
NIO O O O a O o □ O
Total Flow km ol/hr O 5 6 5 2 3 8 1 5.552381 5  OOOI 1 4.0001 6 082381 5  9 9 5 6 0 3
Total Flow ka/hr d" 160.1664 160.1664 66.10566 16.04276 72.06292 166.6911 48 .02 69 4
Total F low  cum /hr o 166.4926 135.6197 101 .607 6 .11314 11.6794 1440 601 2 2  06722
T am oeratu ra C 90 25 4 7 2  5691 25 135.7951 2591 4 89 398
P re ssu re  b ar 1.01325 1.0132S 3 .03975 3 .0 39 75 3.03975 1 15.19075
V apor F rac 1 1 1 1 0.269626 1 1
Liauid F rac O a O O 0.730474 □ a
O o O O O O O
Enthalpy kcal/m ol 0 .4 62 69 66 -1.60E-03 -46.71164 -17.81061 •64.07025 6 .105799 -16 .14 22 5
Enthalpy kcel/kg 15 69817 -0.055503 -2594 .189 -1 1 10.206 -3558.439 188.9809 -22 64 .84 8
Enthalpy M M kcal/hr 2.51 E-03 -0 09E-O6 43.226566 -0.017611 -0.256291 0 .0315424 -0 .1 00 77 5
Entroov cal/m eFK 2 .3 94 46 2 1.015553 -5.343449 -21 .462 -27.61257 19.27069 -1 .662321
Entroov cal/arr>-K 0 .0 82 99 66 0.035201 -0.303247 -1 .3376 -1.543832 0 .6 94 83 06 -0 .207621
D ensity  km ot/eum 0 .0 3 3 5 5 0 5 0 .0 4 0 8 8 1 0 .0491135 0 .1 23 25 68 0 .336726 4 .2 08 -03 0 .2 7 1 6 9 7 3
D ensity  k a/cum 0 .9 67 94 78 1.17942 0.6654191 1 .97736 6 .066206 0 .1164349 2 .1 7 6 3 9 3
Avarafi* M W 20.8504 26.6604 17 62076 16.04276 10.01526 2 7 .73436 6 .010361
Llo Vol BOP cum /hr o 0 .2 97 37 33 0.297373 O 1257596 0 .0 53 55 76 0 .072202 0 .2881207 0 .2 4 8 0 5 7 9
—  V A PO R  PH A SE —
Enthalov 16 69617 4 3 .0 6 6 6 0 3 -2694.109 -11 10.206 •3156.666 166.9809 -22 64 .64 0
CPMX 0 .2 42 90 88 0 .241965 O 5789382 0 .5 35 64 88 0.46477 0 .3 63 66 68 O 9 71 83 82
KMX 0.0 26 07 17 0.022091 0.0633597 0 .0 29 40 49 0 .023660 0 .1 54 55 55 0 .1 6 6 1 7 6 7
—-  LIQUID P H A S E  — '
R nthalpv cal/am -3703.2
CPMX ea l/a rrv k 1.191364
KMX kcal-m/hr-eqrrv 0 .669645
R iihatraam : STOTAL
Total Flow k a/hr 1 52 .3122 160.1664 160.1664 66.10560 1 6 0 4 2 7 6 72.06292 168.0911 4 6  02694
Enthalov  M M kcal/hr -0.430041 2.51 E-03 - e . e s E - o e -0 .226566 -0.017611 •0.256291 0 .0315424 -0 .1 00 77 5
Mola Flow
CH4 O O O O O O O O
H 2 0 O O O O O O O O
CO O O O O O O O O
C 0 2 O O O O O O G OK2 a O O O O O O O
CAO 1.2 O O O O a O O
C A C 03 b O o O O O O O
MGO 1 .2 a O O O O □ O
0 2 o o a □ O G O O
N2 o o 0 O o O O O
ALUMI-OI rt 281152 o o O O O O O
Nl 0 .1 1 8 7 2 3 o o O o O O O
NIO O.OOEiOO o O O o O O O
Mnln F rac
CH4 o o o O O O a o
H 20 o o O O O O o o
CO o o o o o O O o
0 0 2 d o o o O a o o
H2 o o O o o o o o
CAO 0 .4 2 7 0 6 5 a o o a a o o
CACD3 d o o o o o □ o
MGO 0  4 2 7 0 6 5 o o o o o o o
0 2 d o o o o o a o
N2 o o o □ □ a a o
ALUML01 0 .1 0 3 8 1 7 o o o o o o o
Nl rt (142752 o o o o o a o
NIO o . o o e o o o o o o o a o
Tntal Flow km ol/hr 2  8 09 87 4 a o o O □ o □
Total Flow k a/h r 1 52 .3 12 2 o o o o o a o
Total Flow cum /hr 0 .0 4 2 1 6 4 o o o o o □ o
9 71 .5 S
P re ssu re  b a r 3 .0 3 9 7 6 1.01325 1.01325 3  03975 3.03975 15 19075
O
Liauid F ree O
Solid F ree 1
•153.0441
-28 23  376
-0 430041
Entropy .3 .5 60 21 7
43.176616
D ensity 6 8 .8 5 7 3 9
Density 3 61 3 .^3 4
A varaae M W 5 4 .2 0 6 0 6
Lla Vol EOF
APDIH Process Simulation Results
204
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
23 24 25 26 28 31 S1 S2
Substream: MIXED
Mole Flow kmol/hr
CH4 0 0 0 1 0 0.08927 0.08927 0
H20 4.0001 0 4.0001 0 0 2.178648 2.178648 4.0001
CO O.OOE+OO O.OOE+OO 0 0 O.OOE+OO 8.81 E-06 8.81 E-06 O.OOE+OO
C02 O.OOE+OO 9.11E-01 0 0 9.11E-01 4.38E-05 4.38E-05 O.OOE+OO
H2 0 O.OOE+OO 0 0 O.OOE+OO 3.642912 3.642912 0
CAO 0 0 0 0 0 0 0 0
CAC03 0 0 0 0 0 0 0 0
MGO □ 0 0 0 0 0 0 0
02 0 2.573E-12 0 0 2.573E-12 0 0 0
N2 0 0 0 0 0 0 0 0
ALUMt-01 0 0 0 0 0 □ 0 0
Nl 0 0 0 0 0 0 0 0
NIO 0 0 0 0 0 0 0 0
Mole Frac
CH4 O.OOE+OO O.OOE+OO 0 1 0 1.51E-02 1.51E-02 0
H20 1 0 1 0 O.OOE+OO 0.368583 0.368583 1
CO 0 O.OOE+OO 0 0 O.OOE+OO 1.49 E-06 1.49E-06 O.OOE+OO
C02 0 1.00E+00 0 0 1.00E+00 7.41 E-06 7.41 E-06 O.OOE+OO
H2 0 O.OOE+OO 0 0 O.OOE+OO 0.616306 0.616306 0
CAO 0 0 0 0 0 0 0 0
CAC03 0 0 0 0 0 0 0 0
MGO 0 0 0 0 0 0 0 0
02 O.OOE+OO 2.825E-12 O.OOE+OO 0 2.83E-12 0 0 0
N2 0 0 0 0 0 0 0 0
ALUMI-01 0 0 0 0 0 0 0 0
Nl 0 0 0 0 0 0 0 0
NIO 0 0 0 0 0 0 0 0
Total Flow kmol/hr 4.0001 0.9106776 4.0001 1 0.9106776 5.910883 5.910883 4.0001
Total Flow kq/hr 72.06292 40.07874 72.06292 16.04276 40.07874 48.02694 48.02694 72.06292
Total Flow cum/hr 33.53554 10.37165 0.0802966 11.15321 7.456471 54.46966 51.74871 93.59868
Temperature C 135.7951 145 119.0235 135 30.52586 100 97.1002 583.6274
Pressure bar 3.03975 3.03975 3.03975 3.03975 3.03975 3.03975 3.03975 3.03975
Vapor Frac 0.7642867 1 0 1 1 0.90362 0.864736 1
Liquid Frac 0.2357133 0 1 0 0 0.09638 0.135264 0
Solid Frac 0 0 0 0 0 0 0 0
Enthalpy kcal/mol -59.21686 -92.85902 -67.07198 -16.80151 -93.96731 -22.00395 -22.43088 -52.93899
Enthalpy kcal/kq -3287.035 -2109.962 -3723.061 -1047.295 -2135.145 -2708.121 -2760.665 -2938.561
Enthalpy MMkcal/hr -0.236877 -0.084566 -0.268299 -0.016802 -0.085575 -0.130065 -0.132588 -0.211764
Entropy cal/mol-K -15.9444 1.693851 -35.17123 -18.59093 -1.39414 -5.927663 -7.076127 -3.790095
Entropy cal/gm-K -0.885049 0.038488 -1.9523 -1.158836 -0.031678 -0.729543 -0.87089 -0.210382
Density kmol/cum 0.1192794 0.0878045 49.81653 0.08966 0.1221325 0.108517 0.114223 0.0427367
Density kg/cum 2.148852 3.86426 897.4588 1.438399 5.375028 0.881719 0.92808 0.7699138
Averaqe MW 18.01528 44.0098 18.01528 16.04276 44.0098 8.125173 8.125173 18.01528
Lig Vol 60F cum/hr 0.0722018 0.0487738 0.0722018 0.053558 0.0487738 0.239215 0.239215 0.0722018
—  VAPOR PHASE —
Enthalpy cal/gm -3158.686 -2109.962 -1047.295 -2135.145 -2426.234 -2337.394 -2938.561
CPMX cal/qm-K 0.4647697 0.2311528 0.614021 0.2073366 1.043894 1.115558 0.5244539
KMX kcal-m/hr-s« 0.0236679 0.0224398 0.043692 0.0145314 0.103008 0.108177 0.0667205
*** UQUID PHASE ***
Enthalpy cal/qm -3703.2 -3723.061 -3745.345 -3748.725
CPMX cal/gm-K 1.191364 1.177644 1.166111 1.164695
KMX kcal-m/hr-st 0.5896445 0.5874817 0.581568 0.580343
Substream: JTOTAL
Total Flow kg/hr 72.06292 40.07874 72.06292 16.04276 40.07874 48.02694 48.02694 72.06292
Enthalpy MMkcal/hr -0.236877 -0.084566 -0.268299 -0.016802 -0.085575 -0.130065 -0.132588 -0.211764
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S3 S4 S5 S6 S7 S8 S9
Substream: MIXED
Mole Flow kmol/hr
CH4 □ 0 0 0.53 0 0 0
H20 0 0 0 0 0 0 0
CO O.OOE+OO O.OOE+OO 0 O.OOE+OO 0 0 0
C02 1.09E+01 1.00E+O1 0.9106776 O.OOE+OO 10.91068 0 10.91068
H2 0 0 0 0 0 0 0
CAO 0 0 0 0 0 0 0
CAC03 0 0 0 0 0 0 0
MGO 0 0 0 0 0 0 0
02 3.08E-11 2.83E-11 2.57E-12 0 3.08E-11 1.166 3.08E-11
N2 0 0 0 0 0 4.386381 0
ALUMI-01 0 0 0 0 0 0 0
Nl 0 0 0 0 0 0 0
NIO 0 0 0 0 0 0 0
Mole Frac
CH4 0 O.OOE+OO 0 1 0 0 0
H20 0 0 0 0 0 0 0
CO O.OOE+OO O.OOE+OO 0 O.OOE+OO 0 0 0
C02 1.00E+00 1.00E+00 1 O.OOE+OO 1 0 1
H2 0 0 0 0 0 0 0
CAO 0 0 0 0 0 0 0
CAC03 0 0 0 0 0 0 0
MGO 0 0 0 0 0 0 0
02 2.83E-12 2.83E-12 2.83E-12 0 2.83E-12 0.21 2.83E-12
N2 0 0 0 0 0 0.79 0
ALUMI-01 0 0 0 0 0 0 0
Nl 0 0 0 0 0 0 0
NIO 0 0 0 0 0 0 0
Total Flow kmol/hr 10.91068 10 0.9106776 0.53 10.91068 5.552381 10.91068
Total Flow kq/hr 480.1768 440.0981 40.07874 8.502663 480.1768 160.1884 480.1768
Total Flow cum/hr 371.4547 450.8491 24.39747 27.10795 292.302 561.0617 296.1766
Temperature C 971.55 1374.096 705.4217 350 705.4217 958 718.3918
Pressure bar 3.03975 3.03975 3.03975 1.01325 3.03975 1.01325 3.03975
Vapor Frac 1 1 1 1 1 1 1
Liquid Frac 0 0 0 0 0 0 0
Solid Frac 0 0 0 0 0 0 0
Enthalpy kcal/mol -82.77355 -77.17304 -86.2985 -14.35744 -86.2985 7.051289 -86.13113
Enthalpy kcal/kq -1880.798 -1753.542 -1960.893 -894.9481 -1960.893 244.4087 -1957.09
Enthalpy MMkcal/hr -0.903129 -0.771742 -7.86 E-02 -7.61 E-03 -0.941589 0.039152 -0.939763
Entropy cal/mol-K 14.66976 18.56269 11.485 -11.64358 11.485 11.52086 11.65491
Entropy cal/qm-K 0.3333295 0.4217853 0.2609647 -0.725784 0.2609647 0.399331 0.264825
Density kmol/cum 0.0293728 0.0221803 0.0373267 0.019551 0.0373267 0.009896 0.036838
Density kq/cum 1.292693 0.9761538 1.642742 0.313659 1.642742 0.285509 1.621251
Averaqe MW 44.0098 44.0098 44.0098 16.04276 44.0098 28.8504 44.0098
Liq Vol 60F cum/hr 0.5843519 0.535578 0.0487738 0.028386 0.5843519 0.297373 0.584352
—  VAPOR PHASE —
Enthalpy cai/gm -1880.766 -1753.542 -1960.893 -894.9481 -1960.893 244.4087 -1957.09
CPMX cal/qm-K 0.3083203 0.3223369 0.2927403 0.801851 0.2927403 0.283695 0.293663
KMX kcal-m/hr-sc 0.0691938 0.0817632 0.0574838 0.076334 0.0574838 0.069708 0.058132
—  UQUID PHASE ***
Enthalpy cal/qm
CPMX cal/qm-K
KMX kcal-m/hr-sc
Substream: STOTAL
Total Flow kq/hr 480.1768 440.0981 40.07874 8.502663 480.1768 160.1884 480.1768
Enthalpy MMkcal/hr -0.903129 -0.771742 -7 86E-02 -7.61 E-03 -0.941589 0.039152 -0.939763
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S 2 1 S 2 3 S 2 5 S 2 6 S 2 7 S 2 8 S 2 9 S 2 7 S 2 8 S 2 9
S u b s t r e a m :  M IX E D
M o l e  F l o w  k m o l / h r
C H 4 O O 0 . 0 0 9 2 7 0 . 0 0 9 2 7 O 0 . 0 0 9 2 7 O O 0 . 0 0 9 2 7 O
H 2 0 1 . 3 1 . 0 6 2 . 1 7 8 6 4 8 2 . 1 7 8 6 4 8 4 . 0 0 0 1 2 . 1 7 8 6 4 8 1 . 3 4 . 0 0 0 1 2 . 1 7 8 6 4 8 1 . 6
C O O O 8 . 8 1  E - 0 6 B .8 1  E - 0 6 O 8 . 6 1  E - 0 6 O O 8 . 8 1  E - 0 6 O
C 0 2 a 0 . 5 3 4 . 3 8 E - 0 5 4 . 3 0  E -O S O 4 . 3 0  E -O S O O 4 . 3 8  E -O S O
H 2 O O 3 . 6 4 2 9 1 2 3 . 6 4 2 9 1 2 O 3 . 6 4 2 9 1 2 O O 3 . 6 4 2 9 1 2 O
C A O O O O O O O o O O O
C A C 0 3 O O O O O O o O O O
M O O O o O O O O o O O O
0 2 □ 0 . 1 0 8 O O O O a a O O
N 2 O 4 . 3 0 6 3 0 1 O O O O o o O O
A L U M I-D 1 O O O O O O o o O O
N l O O O O O O o O • O O
N IO O O O O O O o o O O
M o l e  F r a c
C H 4 a O 0 . 0 1 5 1 0 3 0 . 0 1 5 1 0 3 O 0 . 0 1 5 1 0 3 o o 0 . 0 1 5 1 0 3 O
H 2 0 1 0 . 1 7 4 2 7 4 0 . 3 6 8 5 0 3 0 . 3 6 0 5 0 3 1 0 . 3 6 8 5 0 3 1 1 0 . 3 6 8 5 6 3 1
C O o O 1 . 4 9 E - 0 6 1 . 4 9 E - 0 6 O 1 . 4 9 E - 0 6 o o 1 . 4 9 E - 0 6 O
C 0 2 o 0 . 0 8 7 1 3 7 7 . 4 1  E - 0 6 7 . 4 1  E - 0 6 O 7 . 4 1  E - 0 6 o o 7 . 4 1  E - 0 6 O
H 2 a O 0 . 6 1 8 3 0 6 0 . 6 1 6 3 0 6 O 0 . 6 1 6 3 0 6 a o 0 . 8 1 6 3 0 6 o
C A O o O a O O O o o O o
C A C 0 3 o O O O O O o o O o
M O O o O O O O O o o O o
0 2 o 0 . 0 1 7 4 2 7 o O o O o o O o
N 2 □ 0 . 7 2 1  1 6 2 a O o O o o O o
A L U M  1-01 o O o O o O o o O o
N l o O o O o O o o O o
N IO o O o O o O o o 0 o
T o t a l  F l o w  k m o l / h r 1 . 3 6 . 0 8 2 3 8 1 5 . 9 1 0 8 8 3 5 . 9 1 0 8 8 3 4 . 0 0 0 1 5 . 9 1 0 8 0 3 1 . 3 4 . 0 0 0 1 5 . 9 1 0 8 8 3 1 . 6
T o t a l  F l o w  k a / h r 2 3  4 1 9 0 6 1 6 8 . 6 9 1  1 4 8 . 0 2 6 9 4 4 8 . 0 2 6 9 4 7 2 . 0 6 2 9 2 4 8 . 0 2 6 9 4 2 3 . 4 1 9 0 6 7 2 . 0 6 2 9 2 4 8 . 0 2 6 9 4 2 0 . 0 2 4 4 5
T o t a l  F l o w  c u m / h r 0 . 0 2 5 7 7 4 3 1 0 . 1 0 1 2 1 1 5 . 5 1 3 4 6 7 . 5 1 9 3 4 2 6 . 0 7 1 2 1 3 1  . 3 6 3 0 5 3 2 . 2 2 4 0 4 2 6 . 8 7 1 2 1 3 1  . 3 6 3 0 5 7 0 . 0 2 3 4 9
T e m p e r a t u r e  C 1 0 0 . 6 7 4 7 3 5 5 . 7 0 4 9 4 4 0 . 9 7 3 5 1 4 5 1 3 5 . 7 9 5 1 3 0 1 0 2 . 6 9 5 3 1 3 5 . 7 9 5 1 3 0 2 6 1 . 7 7 5 5
P r e s s u r e  b a r 1 0 1  . 3 2 5 1 3 . 0 3 9 7 5 3 . 0 3 9 7 5 3 . 0 3 9 7 5 3 . 0 3 9 7 5 1 . 0 1 3 2 5 3 . 0 3 9 7 5 3 . 0 3 9 7 5 1 . 0 1 3 2 5
V a o o r  F r a c O 1 1 1 0 . 6 1 2 0 3 2 0 . 6 3 7 9 8 9 0 . 8 0 9 9 0 9 0 . 6 1 2 0 3 2 0 . 6 3 7 9 0 9 1
L i a u i d  F r a c 1 O O O 0 . 3 8 7 9 6 8 0 . 3 6 2 0 1 1 0 . 1 9 0 0 9 1 0 . 3 8 7 9 6 8 0 . 3 6 2 0 1 1 O
S o l i d  F r a c O O O O O O o O O O
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E n t r o o v  c a l / m o l - K - 3 5 . 7 9 6 4 1 5 . 4 9 7 8 7 0 1 . 6 6 6 2 5 9 - 2 . 4 3 7 1 9 - 1 9 . 5 9 6 6 - 1 6 . 1 4 3 8 - 1 3 . 9 4 0 6 - 1 9 . 5 9 6 6 - 1 6 . 1 4 3 8 • 5 . 8 0 9 0 4
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D e n s i t y  k m o l / c u m 6 0 . 4 3 7 5 3 0 . 0 1 9 1 2 1 0 . 0 5 1 1 7 1 0 . 0 0 7 5 4 4 0 . 1 4 6 8 6 2 0 . 1 8 0 4 6 6 0 . 0 4 0 3 4 3 0 . 1 4 6 0 6 2 0 . 1 6 0 4 6 6 0 . 0 2 2 6 4 9
D e n s i t v  k a / c u m 9 0 8 . 6 4 6 3 0 . 5 3 0 3 0 6 0 . 4 1 5 7 7 0 . 7 1 1 3 0 6 2 . 6 8 1 7 6 9 1 . 5 3 1 3 2 2 0 . 7 2 6 7 0 2 2 . 6 8 1 7 8 9 1 . 5 3 1 3 2 2 0 . 4 1 1 6 4
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1 L I Q U I D  P H A S E  www
E n t h a l o v  c a l / a m - 3 7 3 3 . 1 5 4 - 3 7 0 3 . 2 - 3 0 2 6 . 2 9 - 3 7 4 2 . 0 1 - 3 7 0 3 . 2 - 3 0 2 6 . 2 9
C P M X  c a l / q m - K 1 . 1 6 3 6 4 1 1 . 1 9 1 3 6 4 1 . 1 5 4 0 0 3 1 . 1 6 7 7 6 6 1 . 1 9 1 3 6 4 1 . 1 5 4 0 0 3
K M X  k c a l - m / h r - s a 0 . 5 0 4 7 2 9 0 . 5 8 9 6 4 5 0 . 5 2 7 2 2 5 0 . 5 8 2 7 1 6 0 . 5 8 9 6 4 5 0 . 5 2 7 2 2 5
S u b s t r e a m :  S T O T A L
T o t a l  F l o w  k a / h r 2 3 . 4 1 9 8 6 1 6 8 . 6 9 1  1 4 8 . 0 2 6 9 4 4 8 . 0 2 6 9 4 7 2 . 0 6 2 9 2 4 8 . 0 2 6 9 4 2 3 . 4 1 9 8 6 7 2 . 0 6 2 9 2 4 8 . 0 2 6 9 4 2 8 . 8 2 4 4 5
E n t h a l o v  M M k c a l / h r - 0 . 0 0 7 4 3 1 - 0 . 0 9 5 0 1 - 0 . 1 0 0 7 7 - 0 . 1 2 2 2 1 - 0 . 2 4 2 0 5 - 0 . 1 5 1 2 1 - 0 . 0 7 6 0 3 - 0 . 2 4 2 0 5 - 0 . 1 5 1 2 1 - 0 . 0 0 9 3 1
APDIH Process Simulation Results
Reqenerator In Out Generated Diff Compressor
MolFlow kmol/hr 12.809876 13.72055 0.9106776 -1.98E-10 Indicated Hosepower 4.1731423 KW
M ass Flow kq/hr 632.489 632.489 -1.89E-10 Breake Horsepower 4.1731423 KW
Enthalpy MMkcal/hr -1.3340003 -1.333169 -0.0006229 Net Work Required 4.1731423 KW
Heat Duty MMkcal/hr 0.000831 Efficiency 0.72
Outlet P ressure 3.03975 Bar
Reformer In Out Generated Diff Ootlet temperature 455.32144 oC
MolFlow kmol/hr 7.8099743 8.805477 0.9955032 -1.01E-16 Isoentropic Outlet Temp 446.75432 oC
M ass Flow kq/hr 240.41787 240.4179 -8.28E-16 Vapor Fraction 1
Enthalpy MMkcal/hr -0.6586068 -0.659027 6.37E-04
Heat Duty MMkcal/hr -4.20E-04
Turbine
Furnace In Out Generated Diff Indicated Hosepower -2,007228 KW
MolFlow kmol/hr 6.082381 6.082381 -8.78E-15 1.64E-17 Breake Horsepower -2.007228 KW
M ass Flow kq/hr 168.69106 168.6911 1.85E-15 Net Work Required -2.007228 KW
Enthalpy MMkcal/hr 0.0315425 0.031542 4.38E-08 Efficiency 0.85
Her MMkcal/hr O.OOE+OO Outlet P ressure 1.01325 Bar
Ootlet temperature 261.77553 oC
Isoentropic Outlet Temp 239,3988 oC
Vapor Fraction 1
APDIH Process Simulation Results
^
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1 6 8 7 . 9 6 5 1 . 7 9 3 6 . 6 9 9 3 0 . 2 7 1 8 5 . 4 7 0 7 . 4 0 1 2 . 0 5 1 7 . 1 8 3 3 1 . 0 8 3 7 8 . 8 6 5 7 . 5 1 5 2 . 0 3 8 6 . 9 3 6 3 0 . 9 6 2 7 6 . 4 5 4 7 . 6 6 7 1 . 8 8 1 7 . 3 4 5 3 0 , 5 3 6 7 4 . 1 9 7 7 . 6 6 7 1 . 9 0 2 7 . 0 8 1 3 0 . 6 5 9 7 5 . 3 3 9
1 8 0 7 . 9 9 8 1 . 7 8 3 6 . 6 4 2 3 0 . 2 3 5 8 5 . 0 5 1 7 . 3 8 9 2 . 0 5 0 7 . 2 1 3 3 1 . 0 9 7 7 7 . 9 4 7 7 . 4 6 0 2 . 0 3 8 7 . 1 6 0 3 0 . 9 6 9 7 5 . 6 6 2 7 . 6 9 0 1 . 8 7 6 7 . 3 6 3 3 0 . 4 7 7 7 3 . 1 2 2 7 . 6 7 3 1 . 9 0 8 6 . 9 5 4 3 0 . 7 0 9 7 4 . 6 0 7
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RUN R O C K IO .S  C y c le s  DATE: Ju n -99      Equilibrium Product G as  C om position
S T E A M  M E T H A N E  R E F O R M I N G  W I T H  A C C E P T O  R O C K W E L L  D O L O M I T E F E E D s e e m ) %  C O M P % P r e %  P o s t
C A L C I N A T I O N  C O N D I T I O I  I N S I T U C H 4 6 0 1 2 C H 4 1 . 4 5 7 6 . 7 5 P a r t i c l e  s i z e M i c r o n s
T . - C P ,  a t m H 2 0 2 4 0 4 8 C O 0 . 0 7 2 . 2 3 D o l o m i t e 3 0 0 < d p < 4 2 5
R e a c t i o n  C o n d i t i o n s  | 6 5 0 1 5 G a s  C o m p o s i t i o n F l o w ,  s e e m N 2 2 0 0 4 0 C 0 2 0 . 0 8 9 6 . 5 3 C a t a l y s t 7 5 < d p < 1 5 0
C a l c i n a t i o n  C o m d i t i o n s 8 0 0 1 1 0 0 %  N 2 5 0 0 1 T O T A L 5 0 0 H 2 5 0 . 9 8 3 2 . 8
C y c l e l C y c l e 2 C y c l e 3 C y c ! e 4 C y c l e s
T I M E %  M o l e % %  M o l e % %  M o l e % %  M o l e % %  M o l e %
C H 4 C O C 0 2 H Z C o n v . C H 4 C O C 0 2 H 2 C o n v . C H 4 C O C 0 2 H 2 C o n v . C H 4 C O C 0 2 H 2 C o n v . C H 4 C O C 0 2 H 2 C o n v .
0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 0 0 0 0 . 0 0 0 0  0 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 0 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 2 3 . 4 2 0 0 . 0 3 7 0 . 0 1 7 4 6 . 4 1 7 0 . 0 0 0 8 . 1 9 5 0 . 1 6 4 0 . 0 4 2 3 4 . 9 8 7 0 . 0 0 0 1 . 3 1 4 0 . 4 6 1 0 . 0 5 1 2 0 . 2 2 5 0 0 0 0 3 . 7 7 4 0 . 1 3 5 0 . 0 1 8 4 5 . 4 7 9 0 . 0 0 0 6 . 1 6 0 0 . 2 0 0 0 . 0 2 3 3 9 . 7 7 3 0 . 0 0 0
2 4 1 . 7 4 8 0 . 0 2 3 0 . 0 0 0 5 0 . 3 9 2 6 . 6 3 1 2 . 1 7 0 0 . 0 5 3 0 . 0 0 0 4 9 . 3 6 3 6 . 4 0 7 2 . 2 8 0 0 . 0 7 1 0 . 0 7 0 4 9  0 4 6 6 . 3 0 6 1 . 7 9 5 0 0 6 6 0 . 0 3 6 5 0 . 2 1 5 6 . 5 6 5 2 . 0 3 2 0 . 0 7 2 0 . 0 2 2 4 9 . 6 5 8 6 . 4 5 3
3 6 1 . 6 3 2 0 . 0 2 3 0 . 0 2 3 5 0 . 6 5 3 1 3 . 3 0 9 1 . 6 7 2 0 . 0 4 9 0 . 0 6 6 5 0 . 5 0 7 1 3 . 0 2 6 1 . 7 0 7 0 . 0 5 8 0 . 0 1 3 5 0 . 4 4 5 1 2 . 9 3 2 1 . 6 1 8 0 . 0 6 0 0 . 0 1 7 5 0 . 6 5 2 1 3 . 2 3 3 1 . 7 1 8 0 . 0 6 3 0 . 0 6 6 5 0 . 3 8 5 1 3 , 0 4 2
4 8 1 , 6 1 5 0 . 0 2 4 0 . 0 0 0 5 0 . 7 0 5 2 6 . 6 8 3 1 . 5 5 8 0 . 0 4 9 0 . 0 6 5 5 0 , 7 7 8 2 6 , 3 2 4 1 . 5 7 7 0 . 0 5 6 0 . 0 2 3 5 0 . 7 5 0 2 6 . 2 4 6 1 . 6 3 0 0 . 0 6 0 0 . 0 5 4 5 0 . 6 0 3 2 6 . 5 4 2 1 . 6 3 0 0 . 0 6 1 0 . 0 4 2 5 0 . 6 0 8 2 6 . 2 8 0
6 0 1 . 8 3 4 0 . 0 2 5 0 . 0 0 0 5 0 . 1 8 5 3 9 . 9 6 8 1 . 5 8 1 0 . 0 5 2 0 . 0 3 1 5 0 . 7 3 9 3 9 . 6 8 4 1 . 6 3 0 0 . 0 5 7 0 . 0 7 5 5 0 . 5 9 4 3 9 . 5 6 5 1 . 7 7 1 0 . 0 6 0 0 . 0 2 7 5 0 . 2 8 4 3 9 . 7 7 0 1 . 7 6 7 0 . 0 6 1 0 . 0 3 9 5 0 . 2 8 7 3 9 . 5 0 8
7 2 3 . 2 2 3 0 . 1 2 1 0 . 2 2 6 4 6 . 6 8 4 5 2 . 3 1 1 1 . 8 8 7 0 . 0 5 9 0 . 0 5 5 4 9 . 9 9 7 5 2 . 8 8 1 1 . 9 3 7 0 . 0 6 3 0 . 0 0 7 4 9 . 9 0 1 5 2 . 7 1 0 2 . 3 4 2 0 . 1 0 8 0 . 0 8 1 4 8 . 8 5 8 5 2 . 6 0 7 2 . 2 6 7 0 . 0 8 9 0 . 0 3 6 4 9 . 0 7 9 5 2 . 4 1 1
8 4 5 . 1 8 2 0 . 5 3 6 1 . 4 5 1 4 0 . 9 7 1 6 2 . 1 4 6 3 . 5 5 8 0 . 5 8 5 1 , 1 9 9 4 4 . 8 9 7 6 4 . 2 5 2 3 . 4 5 3 0 . 4 7 1 1 . 0 4 1 4 5 . 3 4 4 6 4 . 2 6 8 3 . 9 4 1 0 . 7 2 3 1 . 4 3 7 4 3 . 7 2 4 6 3 . 3 5 8 3 . 9 0 9 0 . 7 0 6 1 . 3 8 5 4 3 . 8 4 5 6 3 . 2 8 1
9 6 7 . 0 3 4 1 . 0 6 0 3 . 0 8 1 3 5 . 1 7 9 6 8 . 5 3 7 5 . 3 4 7 1 . 4 6 2 3 . 0 9 4 3 8 . 7 5 7 7 1 . 8 1 0 5 . 0 7 2 1 . 2 1 7 2 . 4 4 0 4 0 . 0 0 9 7 2 . 5 8 3 5 . 4 3 7 1 . 4 7 0 3 . 0 0 0 3 8 . 5 8 9 7 0 . 5 7 1 5 . 4 3 3 1 . 4 9 1 3 . 0 8 7 3 8 . 5 3 0 7 0 . 4 8 9
1 0 8 7 . 8 3 1 1 . 3 8 7 4 . 8 3 7 3 2 . 0 1 0 7 1 . 8 4 2 6 . 6 5 1 2 . 2 0 5 6 . 4 3 7 3 3 . 1 0 9 7 4 . 6 0 2 6 . 3 9 2 1 . 9 6 5 5 . 4 9 6 3 4 . 4 7 5 7 6 . 6 5 8 6 . 5 8 5 2 . 1 9 1 6 . 0 5 5 3 3 . 4 8 7 7 3 . 6 1 4 6 . 6 0 2 2 . 2 0 5 6 . 1 7 7 3 3 . 3 6 7 7 3 . 3 9 8
1 2 0 8 . 0 3 2 1 . 5 0 6 5 . 7 3 5 3 0 . 9 2 7 7 3 . 2 4 2 6 . 8 2 1 2 . 3 1 0 6 . 8 4 8 3 2 . 3 7 8 7 4 . 4 5 6 6 . 7 7 0 2 . 2 3 7 7 . 2 2 9 3 2 . 3 6 3 7 7 . 0 6 3 6 . 7 5 5 2 . 3 5 8 7 . 0 1 1 3 2 . 3 9 6 7 3 . 6 0 9 6 . 7 6 3 2 . 3 7 9 6 . 6 7 8 3 2 . 6 3 8 7 3 . 4 8 8
1 3 2 8 . 0 9 8 1 . 5 6 6 6 . 0 7 5 3 0 . 5 2 5 7 3 . 8 2 B 6 . 8 1 4 2 . 3 3 2 7 . 1 0 6 3 2 . 2 3 0 7 3 . 8 2 8 6 . 8 3 5 2 . 2 6 7 7 . 3 0 7 3 2 . 1 3 8 7 6 . 1 8 6 6 . 7 9 3 2 . 3 9 3 7 . 0 1 1 3 2 . 2 7 1 7 2 , 9 1 4 6 . 7 9 2 2 . 4 0 4 6 . 7 3 0 3 2 . 4 1 7 7 3 . 1 1 9
1 4 4 8 . 1 4 5 1 . 5 9 3 6 . 4 5 8 3 0 . 1 7 8 7 3 . 9 5 7 6 . 7 9 8 2 . 3 4 1 7 , 1 2 3 3 2 . 2 5 3 7 3 . 0 3 9 6 . 8 2 9 2 . 2 8 1 7 . 4 6 0 3 2 . 0 5 3 7 5 . 1 4 1 6 . 7 8 0 2 . 4 0 0 7 . 1 4 9 3 2 . 2 2 0 7 2 . 1 1 5 6 . 7 8 7 2 . 4 1 5 6 . 7 1 1 3 2 . 4 2 8 7 2 . 7 0 7
1 5 6 8 . 1 4 0 1 . 6 1 3 6 . 5 5 9 3 0 . 1 1 4 7 3 . 7 9 2 6 . 7 6 4 2 . 3 6 0 7 . 0 7 2 3 2 . 3 4 1 7 2 . 2 6 8 6 . 7 8 5 2 . 2 8 3 7 . 7 1 6 3 2 . 0 1 7 7 3 . 8 7 1 6 . 7 6 5 2 . 4 0 9 7 . 2 8 2 3 2 . 1 7 3 7 1 . 1 6 4 6 . 7 8 4 2 . 4 1 3 7 . 0 3 8 3 2 . 2 5 8 7 2 . 1 2 0
1 6 8 8 . 1 3 8 1 . 6 2 4 6 . 8 3 9 2 9 . 9 5 7 7 3 . 4 1 2 6 . 7 3 6 2 . 3 5 8 7 . 3 0 5 3 2 . 2 8 1 7 1 . 4 0 5 6 . 8 2 7 2 . 2 8 3 7 . 4 8 5 3 2 . 0 4 4 7 2 . 5 8 8 6 . 7 4 0 2 . 4 0 8 7 . 3 6 6 3 2 . 1 9 0 7 0 . 0 9 8 6 . 7 7 7 2 . 4 2 2 6 . 8 1 7 3 2 . 3 8 7 7 1 . 4 7 5
1 8 0 8 . 1 2 0 1 . 6 3 2 6 . 8 2 7 2 9 . 9 9 7 7 2 . 8 8 4 6 . 7 3 9 2 . 3 5 9 7 . 3 1 7 3 2 . 2 6 7 7 0 . 4 1 0 6 . 8 1 2 2 . 2 6 8 7 . 6 4 6 3 2 . 0 0 5 7 1 . 3 4 4 6 . 7 3 3 2 . 4 2 5 7 . 1 0 5 3 2 . 3 3 2 6 9 . 1 3 3 6 . 7 4 3 2 . 4 1 8 7 . 0 1 2 3 2 . 3 6 6 7 0 . 8 5 4
R U N  R O C K 1 1 , 6  C y c l e s  D A T E :  J u n e  2 2 , 1 9 9 9   i_ _ _ _ _ _  E q u i l i b r i u m  P r o d u c t  G a s  C o m p o s i t i o n
S T E A M  M E T H A N E  R E F O R M I N G  W I T H  A C C E P T O  R O C K W E L L  D O L O M I T E F E E D s e e m ) %  C O M P . %  P r e % P o s t
C A L C I N A T I O N  C O N D I T I O I  I N S I T U C H 4 6 0 1 2 C H 4 1 . 4 5 7 6 . 7 5 P a r t i c l e  s i z e M i c r o n s
T ,  ° C P .  a t m H 2 0 2 4 0 4 8 C O 0 . 0 7 2 . 2 3 D o l o m i t e 3 0 0 < d p < 4 2 5
R e a c t i o n  C o n d i t i o n s ! 6 5 0 1 5 G a s  C o m p o s i t i o n F l o w ,  s e e m N 2 2 0 0 4 0 C 0 2 0 . 0 8 9 6 . 5 3 C a t a l y s t 7 5 < d p < 1 5 0
C a l c i n a t i o n  C o m d i t i o n s 9 5 0 1 1 0 0 %  N 2 5 0 0 1 T O T A L 5 0 0 H 2 5 0 . 9 8 3 2 . 8
C y c l e l C y c t e 2 C y c l e 3 C y c l e 4 C y c l e s
T I M E %  M o l e % V . M o l e % %  M o l e % %  M o l e % %  M o l e %
C H 4 C O C 0 2 H 2 C o n v . C H 4 C O C 0 2 H 2 C o n v . C H 4 C O C 0 2 H 2 C o n v . C H 4 C O C 0 2 H 2 C o n v . C H 4 C O C 0 2 H 2 C o n v .
0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 2 5 . 9 1 5 0 . 2 8 4 2 , 4 2 3 3 8 . 9 5 8 0 . 0 0 0 5 . 9 1 5 0 . 2 8 4 2 . 4 2 3 3 8 . 9 5 8 0 . 0 0 0 5 . 9 1 5 0 . 2 8 4 2 . 4 2 3 3 8 . 9 5 8 0 . 0 0 0 9 . 4 0 7 0 . 3 0 0 0 . 0 7 4 3 1 . 9 7 1 0 . 0 0 0 1 2 . 0 0 8 0 . 8 8 2 0 . 2 5 2 2 5 . 1 4 4 0 . 0 0 0
2 4 3 . 8 8 4 0 . 1 1 5 0 . 0 5 9 4 5 . 2 1 7 5 . 3 1 8 2 . 8 8 0 0 . 0 9 1 0 0 3 0 4 7 . 6 3 0 5 . 7 9 5 1 . 8 7 6 0 . 0 6 7 0 . 0 0 1 5 0 . 0 4 4 6 . 2 7 3 2 . 3 2 7 0 . 0 5 4 0 . 0 4 3 4 8 . 9 6 7 6 . 0 4 6 3 . 6 8 1 0 . 0 9 9 0 . 0 4 3 4 5 . 7 2 3 5 . 4 2 0
3 6 1 . 8 4 2 0 . 0 6 7 0 . 0 8 2 5 0 . 0 B 0 1 1 . 5 6 5 1 . 7 2 9 0 . 0 6 3 0 . 0 5 1 5 0 . 3 6 9 1 2 . 1 1 5 1 . 6 1 5 0 . 0 5 8 0 . 0 1 9 5 0 . 6 5 9 1 2 . 6 6 5 1 . 6 1 4 0 0 5 5 0 . 0 2 4 5 0 . 6 6 2 1 2 . 4 3 8 1 . 9 4 9 0 . 0 6 0 0 . 0 2 0 4 9 . 8 6 8 1 1 . 6 5 1
4 8 1 . 5 5 3 0 . 0 6 2 0 . 0 2 4 5 0 . 8 0 0 2 4 . 2 3 0 1 . 5 7 1 0 . 0 5 9 0 . 0 2 3 5 0 . 7 6 1 2 4 . 8 4 6 1 . 5 8 8 0 . 0 5 6 0 . 0 2 2 5 0 . 7 2 3 2 5 . 4 6 3 1 . 5 1 7 0 . 0 5 6 0 . 0 3 8 5 0 . 8 8 3 2 5 . 2 6 2 1 . 6 4 8 0 . 0 5 1 0 . 0 4 2 5 0 . 5 7 5 2 4 . 2 5 1
6 0 1 . 5 7 1 0 . 0 6 3 0 . 0 0 6 5 0 . 7 6 5 3 7 . 0 6 6 1 . 6 9 2 0 . 0 5 9 0 . 0 0 6 5 0 . 4 8 3 3 7 . 6 2 0 1 . 8 1 3 0 . 0 5 6 0 . 0 0 6 5 0 . 2 0 1 3 8 . 1 7 4 1 . 6 6 0 0 . 0 5 6 0 . 0 0 9 5 0 . 5 6 1 3 8 . 0 7 1 1 . 7 8 5 0 . 0 4 9 0 . 0 1 4 5 0 . 2 6 9 3 6 . 9 3 8
7 2 2 . 2 3 5 0 . 1 2 5 0 . 1 1 9 4 9 . 0 7 3 4 9 . 5 0 0 2 . 3 4 4 0 . 1 0 6 0 . 0 7 1 4 8 . 8 6 1 4 9 . 9 6 0 2 . 4 5 2 0 . 0 8 8 0 . 0 2 3 4 8 . 6 4 9 5 0 . 4 6 1 2 . 2 0 6 0 . 0 4 7 0 . 0 3 4 4 9 . 2 6 6 5 0 . 5 5 9 2 . 3 8 7 0 . 0 4 0 0 . 0 6 9 4 8 . 8 2 5 4 9 . 2 6 8
8 4 3 . 4 9 0 0 . 5 8 7 1 . 1 4 4 4 5 . 0 8 6 6 0 . 2 2 6 3 . 5 4 2 0 . 5 9 4 1 . 2 2 7 4 4 . 9 0 9 6 0 . 6 2 3 3 5 9 5 0 . 6 0 2 1 . 3 0 9 4 4 . 7 3 3 6 1 . 0 1 9 3 . 3 1 2 0 . 4 0 9 0 . 9 8 9 4 5 . 7 6 8 6 1 . 6 2 2 3 . 4 8 2 0 . 3 7 5 0 . 9 9 7 4 5 3 9 7 6 0 . 1 7 3
9 6 4 . 9 0 6 1 . 2 2 5 2 . 2 5 6 4 0 . 4 9 5 6 8 . 2 2 4 4 . 8 4 4 1 . 2 3 1 2 . 4 0 6 4 0 . 5 5 2 6 8 . 4 9 6 4 . 7 8 3 1 . 2 3 6 2 . 6 5 7 4 0 . 6 0 9 6 8 . 7 6 8 4 . 7 0 7 1 . 2 3 8 2 . 5 1 4 4 0 . 8 1 0 6 9 . 7 9 5 4 . 9 3 8 1 . 0 8 2 2 . 4 4 4 4 0 . 4 5 9 6 8 . 3 1 2
1 0 8 6 . 0 9 2 1 . 8 2 7 4 . 1 2 1 3 6 0 7 2 7 3 . 1 5 2 6 . 0 4 9 1 . 8 0 1 4 . 4 0 0 3 6 . 0 4 8 7 3 . 2 4 9 6 . 0 0 6 1 . 7 7 4 4 . 6 8 0 3 6 . 0 2 3 7 3 . 3 4 5 5 . 9 9 4 1 . 7 9 5 4 . 5 6 8 3 6 . 0 9 2 7 4 . 4 7 3 6 . 3 2 1 1 . 5 5 7 4 . 6 5 8 3 5 . 5 0 6 7 2 . 9 7 7
1 2 0 6 . 4 7 1 2 . 1 2 6 5 . 5 6 3 3 4 . 0 9 1 7 5 .4 ^ 1 2 6 . 5 3 1 2 . 0 7 9 5 . 8 9 2 3 3 . 8 1 5 7 5 . 2 4 1 6 . 5 9 2 2 . 0 3 2 6 . 2 2 0 3 3 . 5 4 0 7 5 . 0 5 0 6 . 5 1 2 2 . 0 1 8 6 . 1 9 8 3 3 . 7 5 5 7 6 . 2 7 2 6 . 7 7 9 1 . 7 1 9 6 . 0 5 5 3 3 . 5 0 1 7 4 . 8 7 6
1 3 2 6 . 6 0 3 2 . 2 3 7 6 . 0 4 4 3 3 4 0 4 7 6 . 3 6 4 6 . 6 5 3 2 . 1 5 7 6 . 2 8 2 3 3 . 2 3 5 7 5 . 9 0 1 6 . 7 0 4 2 . 0 7 7 6 . 5 2 1 3 3 . 0 6 6 7 5 . 4 3 8 6 . 6 1 2 2 . 0 2 9 6 . 4 6 6 3 3 . 3 6 3 7 6 . 7 7 9 6 . 8 4 3 1 . 7 3 1 6 . 3 2 2 3 3 . 1 9 3 7 5 . 6 7 2
1 4 4 6 . 6 0 3 2 . 2 3 7 6 . 0 4 4 3 3 . 4 0 4 7 6 . 9 5 3 6 . 6 4 3 2 . 1 6 6 6 . 3 3 2 3 3 . 2 2 4 7 6 . 2 5 6 6 . 6 8 3 2 . 0 9 4 6 . 6 2 1 3 3 . 0 4 4 7 5 , 5 5 9 6 . 7 5 2 1 . 9 3 2 6 . 5 3 0 3 3 . 0 9 3 7 7 . 0 8 2 6 . 8 0 1 1 . 6 5 8 6 . 2 1 3 3 3 . 4 2 4 7 6 . 4 0 7
1 5 6 6 . 6 3 3 2 . 3 3 6 6 . 6 0 5 3 2 . 9 2 8 7 7 . 1 8 8 6 . 6 6 2 2 . 2 1 9 6 . 7 6 1 3 2 . 8 9 1 7 6 . 3 2 4 6 . 6 9 2 2 . 1 0 2 6 . 9 1 7 3 2 . 8 5 4 7 5 . 4 6 0 6 . 6 8 8 2 . 0 8 4 6 . 6 5 2 3 3 . 0 2 6 7 7 . 2 3 9 6 . 8 2 5 1 . 7 1 4 6 . 7 4 3 3 3 . 0 2 2 7 6 . 9 3 2
1 6 8 6 . 6 1 7 2 . 3 6 0 6 . 8 9 0 3 2 . 7 8 8 7 6 , 9 1 2 6 . 6 4 9 2 . 2 4 1 6 . 7 9 2 3 2 . 8 8 3 7 6 . 1 1 0 6 . 6 8 2 2 . 1 2 2 6 . 6 9 5 3 2 . 9 7 9 7 5 , 3 0 9 6 . 6 9 2 2 . 0 6 5 6 . 6 4 5 3 2 . 9 2 9 7 7 . 1 8 2 6 . 8 1 0 1 . 7 1 4 6 . 9 5 7 3 2 . 9 4 0 7 7 . 0 3 5
1 8 0 6 . 6 3 6 2 . 3 7 6 6 . 7 7 1 3 2 . 7 9 2 7 6 . 5 2 7 6 . 6 6 3 2 . 2 4 5 6 . 7 8 7 3 2 . 8 5 0 7 5 . 8 7 0 6 . 6 8 9 2 . 1 1 5 6 . 8 0 4 3 2 . 9 0 8 7 5 . 2 1 3 6 . 6 9 0 2 . 0 7 8 6 . 8 7 3 3 2 . 9 0 5 7 7 . 0 1 0 6 . 7 9 9 1 . 7 2 2 6 . 7 2 0 3 3 . 0 8 8 7 7 . 1 5 3
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R U N  R O C K 1 S ,  5  C y c l e s  D A T E :  J u n e  2 2 , 1 9 9 9   _^ _ _ _ _ _  E q u i l i b r i u m  P r o d u c t  G a s  C o m p o s i t i o n
S T E A M  M E T H A N E  R E F O R M I N G  W I T H  A C C E P T O  R O C K W E L L  D O L O M I T E F E E D s e e m ) %  C O M P . % P r e %  P o s t
C A L C I N A T I O N  C O N D I T I O I  I N S I T U C H 4 6 0 1 2 C H 4 1 . 4 5 7 6 . 7 5 P a r t i c l e  s i z e M i c r o n s
V C P ,  a t m H 2 0 2 4 0 4 8 C O 0 . 0 7 2 . 2 3 D o l o m i t e 3 0 0 < d p < 4 2 5
R e a c t i o n  C o n d i t i o n s  | 6 5 0 1 5 G a s  C o m p o s i t i o n F l o w ,  s e e m N 2 2 0 0 4 0 C 0 2 0 . 0 8 9 6 . 5 3 C a t a l y s t 7 5 < d p < 1 5 0
C a l c i n a t i o n  C o m d i t i o n s 9 5 0 1 4 %  0 2 / N 2 17
1 O
 
O T O T A L 5 0 0 H 2 5 0 . 9 8 3 2 . 8
C y c l e l C y c l e 2 C y d e 3 C y c l e 4 C y c l e S
T I M E %  M o l e % %  M o l e % %  M o l e % %  M o l e % %  M o l e %
C H 4 C O C O Z H 2 C o n v . C H 4 C O C 0 2 H 2 C o n v . C H 4 C O C 0 2 H 2 C o n v . C H 4 C O C 0 2 H2 C o n v . C H 4 C O C 0 2 H 2 C o n v .
0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 2 2 . 7 6 6 0 . 0 8 6 0 . 1 0 5 4 7 . 8 6 5 0 . 0 0 0 1 3 . 1 6 5 0 . 2 3 8 0 . 8 2 6 2 2 . 7 3 9 0 . 0 0 0 4 . 4 7 4 0 . 0 9 8 0 . 1 6 6 4 3 . 7 8 2 0 . 0 0 0 9 . 9 3 7 0 . 0 2 0 1 . 6 1 6 3 0 . 1 5 6 0 . 0 0 0 9 . 9 3 7 0 . 0 2 0 1 . 6 1 6 3 0 . 1 5 6 0 . 0 0 0
2 4 1 . 7 3 1 0 . 0 5 7 0 . 0 5 3 5 0 . 3 6 6 6 . 3 0 1 2 . 6 5 5 0 . 0 5 2 0 . 0 2 6 4 8 . 2 0 5 5 . 8 8 8 1 . 7 5 3 0 . 0 5 3 0 . 0 2 7 5 0 . 3 3 4 6 . 3 0 6 5 . 9 8 9 0 . 1 1 0 0 . 0 6 8 4 0 . 2 4 2 4 . 4 5 6 5 . 8 9 3 0 . 0 0 2 0 . 0 3 8 4 0 . 5 9 4 4 . 5 5 6
3 6 1 . 4 5 0 0 . 0 5 5 0 . 0 6 9 5 1 . 0 2 5 1 2 . 7 3 1 1 . 6 7 1 0 . 0 4 0 0 . 0 3 6 5 0 . 5 3 7 1 2 . 2 3 6 1 . 5 2 1 0 . 0 5 1 0 . 0 0 9 5 0 . 8 9 6 1 2 . 7 3 5 2 . 2 2 9 0 . 0 4 3 0 . 0 3 6 4 9 . 2 1 3 1 0 . 5 3 9 1 . 7 9 9 0 . 0 4 3 0 . 0 0 9 5 0 . 2 4 6 1 0 . 8 5 5
4 8 1 . 4 3 7 0 . 0 5 1 0 . 0 6 4 5 1 . 0 6 3 2 5 . 6 0 1 1 . 5 0 2 0 . 0 4 0 0 . 0 5 4 5 0 . 9 2 6 2 5 . 0 0 3 1 . 5 2 3 0 . 0 5 3 0 . 0 1 0 5 0 . 8 8 8 2 5 . 5 9 0 1 . 5 6 2 0 . 0 3 7 0 . 0 4 6 5 0 . 7 9 1 2 3 . 0 1 8 1 . 5 4 9 0 . 0 4 1 0 . 0 4 4 5 0 . 8 1 8 2 3 . 5 5 5
6 0 1 . 4 2 0 0 . 0 5 3 0 . 0 3 2 5 1 . 1 1 9 3 8 . 5 0 6 1 . 4 9 9 0 . 0 4 1 0 . 0 5 4 5 0 . 9 3 1 3 7 . 8 4 4 1 . 5 4 5 0 . 0 5 2 0 . 0 3 0 5 0 . 8 2 5 3 8 . 4 2 1 1 . 4 8 7 0 . 0 3 9 0 . 0 2 5 5 0 . 9 7 7 3 5 . 8 5 6 1 . 5 7 4 0 . 0 4 4 0 . 0 3 0 5 0 . 7 6 5 3 6 . 3 5 2
7 2 1 . 4 9 4 0 . 0 5 6 0 . 0 7 1 5 0 . 9 2 0 5 1 . 3 7 7 1 . 6 8 7 0 . 0 4 4 0 . 0 4 7 5 0 . 4 8 7 5 0 . 5 9 6 1 . 7 6 9 0 . 0 5 6 0 . 0 3 6 5 0 . 2 8 9 5 1 . 1 1 9 1 . 5 5 9 0 . 0 4 6 0 . 0 4 1 5 0 . 7 9 1 4 8 . 6 9 4 1 . 7 3 6 0 . 0 4 9 0 . 0 1 1 5 0 . 3 8 7 4 9 . 0 7 2
8 4 2 . 3 0 7 0 . 1 4 5 0 . 2 0 4 4 8 . 8 3 6 6 3 . 6 9 4 2 . 2 3 2 0 . 0 9 1 0 . 0 8 1 4 9 . 1 3 5 6 2 . 9 6 3 2 . 4 7 0 0 . 1 5 6 0 . 2 8 2 4 8 . 3 9 6 6 3 . 2 0 2 1 . 8 9 0 0 . 0 5 4 0 . 0 2 8 5 0 . 0 0 8 6 1 . 3 2 9 2 . 3 0 3 0 . 0 9 7 0 . 1 6 5 4 8 . 9 1 4 6 1 . 3 5 2
9 6 4 . 1 5 6 0 . 9 7 0 1 . 7 9 0 4 2 . 7 7 6 7 3 . 5 2 1 4 . 0 0 7 0 . 7 4 2 1 . 5 4 8 4 3 . 4 8 8 7 3 . 2 0 5 4 . 3 6 4 0 . 9 9 6 1 . 9 3 5 4 2 . 1 3 1 7 2 . 7 3 5 3 . 2 5 6 0 . 4 1 5 1 . 0 2 5 4 5 . 8 7 6 7 2 . 5 1 0 4 . 1 1 3 0 . 7 1 3 1 . 5 8 4 4 3 . 2 4 8 7 1 . 4 7 0
1 0 8 5 . 5 7 5 1 . 6 6 2 3 . 6 5 9 3 7 . 7 1 0 7 9 . 5 5 9 5 . 4 6 0 1 . 4 1 1 3 . 3 2 1 3 8 . 4 1  B 7 9 . 8 6 3 5 . 8 0 9 1 . 7 1 8 4 . 2 0 4 3 6 . 8 0 3 7 8 . 2 1 4 5 . 1 1 9 1 . 2 0 1 2 . 9 4 9 3 9 . 6 3 8 8 0 . 3 0 8 5 . 9 3 6 1 . 5 4 2 4 . 1 4 4 3 6 . 7 1 2 7 7 . 4 4 0
1 2 0 6 . 6 2 2 2 . 1 6 5 6 . 0 4 4 3 3 . 4 3 1 8 2 . 0 0 0 6 . 6 6 8 1 . 9 4 9 5 . 7 5 5 3 3 . 6 9 6 8 2 . 8 7 4 6 . 6 2 9 2 . 2 1 3 6 . 6 2 9 3 3 . 0 4 B 7 9 . 9 3 8 6 . 4 1 1 1 . 7 0 0 5 . 9 7 6 3 4 . 4 3 4 8 3 . 8 0 2 6 . 6 8 2 1 . 9 2 9 6 . 0 9 6 3 3 . 4 9 7 7 9 . 6 3 6
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